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EDITORIAL   NOTE 

THE  DIRECTLY  USEFUL  TECHNICAL  SERIES  requires  a  few  words 
by  way  of  introduction.  Technical  books  of  the  past  have  arranged 
themselves  largely  under  two  sections :  the  Theoretical  and  the 
Practical.  Theoretical  books  have  been  written  more  for  the 
training  of  college  students  than  for  the  supply  of  information  to 
men  in  practice,  and  have  been  greatly  filled  with  problems  of  an 
academic  character.  Practical  books  have  often  sought  the  other 
extreme,  omitting  the  scientific  basis  upon  which  all  good  practice 
is  built,  whether  discernible  or  not.  The  present  series  is  intended 
to  occupy  a  midway  position.  The  information,  the  problems,  and 
the  exercises  are  to  be  of  a  directly-useful  character,  but  must  at 
the  same  time  be  wedded  to  that  proper  amount  of  scientific 
explanation  which  alone  will  satisfy  the  inquiring  mind.  We  shall 
thus  appeal  to  all  technical  people  throughout  the  land,  either 
students  or  those  in  actual  practice. 


PREFACE 

THIS  work  attempts  to  consider  the  problems  of  Airscrew 
Propeller  Design  and  Construction  from  the  point  of  view  of  the 
designers,  draughtsmen,  &c. ,  engaged  in  the  practical  design  of 
aircraft ;  and  in  general  follows  the  methods  developed  by  the  firm 
of  Lang  Propeller,  Ltd.,  as  a  result  of  their  experience  in  the 
manufacture  of  propellers  for  aircraft  from  1909. 

The  elementary  principles  of  mechanics  and  aerodynamics 
forming  the  foundation  of  the  design  'theory  are  not  discussed  in 
detail,  as  they  are  treated  very  fully  in  several  text-books  on 
Aeronautics. 

Design  Theory,  which  permits  of  simple  methods  of  calculation 
of  blade  dimensions,  together  with  simple  modifications  for  par- 
ticular problems,  has  been  adopted  in  preference  to  elaborate 
mathematical  solutions  of  theories,  including  the  effect  of  inflow 
across  the  blades  and  radial  flow  along  them,  as  the  simple  theory 
has  been  found  to  give  sufficiently  uniform  results  for  all  types  of 
airscrew  now  in  existence.  It  is  very  convenient  for  drawing-office 
use,  while  the  more  elaborate  theory  still  neglects  the  effect  of 
external  influences  which  occur  in  practical  forms  of  aircraft. 
Numerical  examples  have  been  frequently  used  to  show  methods 
of  calculation  ;  and,  while  every  care  has  been  taken  to  ensure 
accuracy,  notification  of  any  errors  will  be  esteemed  a  great 
favour  by  the  Author. 

The  Constructional  Methods  discussed,  have  been  developed 
chiefly  as  the  result  of  the  war  demand  for  quantity  production  to 
the  neglect  of  other  methods  (such  as  metal  construction)  now 
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only  in  the  experimental  stage,  which  may  ultimately  replace  the 
conventional  form. 

In  conclusion  the  author  desires  to  tender  his  sincere  thanks  to 
Messrs.  J.  L.  Bale  and  H.  Rogerson  (of  A.  V.  Roe  &  Co.)  for  their 
assistance  and  helpful  criticism,  and  to  Messrs.  Wadkin  &  Co. 
and  Messrs.  Vickers,  Ltd.,  for  permission  to  reproduce  photographs 
which  they  have  supplied. 

WHYRILL  E.  PARK. 


Barrom-in-Fumess. 

September,  1920. 


CONTENTS 

PART  I 
CHAPTER  I 

PAGE 

INTRODUCTION  AND  ELEMENTARY  THEORT   ....    3 

Function  of  an  airscrew — History — Action  of  an  airscrew — Pitch — 
Theory  of  propulsion — Momentum  theory — Blade  element  theory — Intro- 
duction and  notation — Forces  on  blade  element — Development  and  limita- 
tions of  theory — Blade  element  theory  with  inflow  velocity — Applica- 
tion of  blade  element  theories. 

CHAPTER  II 

AEROFOILS  SUITABLE  FOR  AIRSCREW  SECTIONS        .        .  19 

Introduction  and  main  requirements — Types  of  airscrew  sections — 
Aerofoil  characteristics  of  airscrew  'sections — Application  of  aerofoil 
characteristics — Interference  effects — Effect  of  aerofoil  efficiency  upon 
airscrew  efficiency — Stress  considerations. 

CHAPTER  III 
APPLICATION  OF  THEORY  TO  A  PARTICULAR  DESIGN       .        .       32 

Particulars  of  design — Initial  assumptions — Analysis  of  blade  by  blade 
element  theory — Calculation  of  power  absorbed  and  developed — Modi- 
fications to  dimensions — Mean  face  pitch — Inflow  velocity — Calculation 
of  power  absorbed  and  developed,  including  inflow  velocity — Comparison 
of  results — Limitations  of  theories. 

CHAPTER  IV 

THE  CHARACTERISTIC  CURVES  OF  AIRSCREWS.         ...      44. 

General  case  of  airscrew  design — Comparison  of  airscrew  performance 
— Geometrically  similar  airscrews — Effective  pitch /diameter  ratio — Cha- 
racteristic curves  —  Airscrew  characteristics  —  Typical  characteristic 
curves — Experimental  methods  of  obtaining  characteristics  of  airscrews — 
Theoretical  characteristic  curves — Comparison  of  blade  element  theory 
results — Development  of  practical  design  theory. 

ix 


x  CONTENTS 

CHAPTER  V. 

PAGE 

THE  THEORETICAL  INVESTIGATION  OF  AIRSCREW  TYPES          .       68 

Possible  variations — Blade  width — Change  of  airscrew  sections — Under 
camber — Variation  of  blade  angles — Variation  efface  pitch  along  the  blade 
— Effect  of  pitch  diameter  ratio  upon  the  characteristics — Variation  of  power 
absorbed  with  face  pitch — Combined  effect  of  possible  variations — Grading 
curves. 

CHAPTER  VI. 

PRACTICAL  CONSIDERATIONS  AFFECTING   BLADE    DIMENSIONS        85 
AND  AIRSCREW  PERFORMANCE  .     . 

General  considerations — Radial  flow — Tip  speed — Maximum  blade 
width — Number  of  blades — Variation  of  blade  section — Blade  angles — 
Mean  face  pitch — Limits  of  face  pitch — Quantitative  examples — Effect  of 
engine  power  curve. 

CHAPTER   VII 

STRESS  CALCULATIONS  OF  TYPICAL  AIRSCREWS      .         .         .     100 

Nature  of  airscrew  stresses — Bending  stresses — Form  of  analysis — Bending 
moment  diagrams — Centrifugal  stresses — Form  of  analysis — Combined 
bending  and  centrifugal  forces — Safe  maximum  stresses — Properties  of 
airscrew  sections — Typical  airscrew  stresses  at  varying  flight  conditions — 
Flight  conditions  corresponding  to  maximum  stress — Stresses  across  the 
airscrew  blade — Effect  of  laminations  on  airscrew  strength — Garuda  type 
blade — Summary  of  airscrew  stresses. 

CHAPTER   VIII 

STRUCTURAL  CONSIDERATIONS  AFFECTING  AIRSCREW  DESIGN  .     123 

General  features — Whip  and  twist— Vibration  shape  of  airscrew  blades — 
Tilt  and  sweep — The  central  line — The  effect  of  tilt — The  effect  of  sweep 
— Straightness  of  the  laminations — Types  of  airscrew  blade  form — 
Vibration  speeds  of  airscrews. 


CHAPTER   IX 
EXTERNAL  INFLUENCES  AFFECTING  AIRSCREW  PERFORMANCE  .      132 

Air  flow  at  the  airscrew — The  tractor  airscrew — The  pusher  airscrew — 
Pushers  and  tractors  compared — Multi-engined  machines — Tandem  air- 
screws— Typical  example  of  design  for  tandem  propellers— Effect  of  side 
winds. 


CONTENTS  xi 


CHAPTER   X 

PAGE 

DRAWING  OFFICE  DESIGN 152 

General  requirements — Design  particulars  required — Design  particulars 
usually  furnished — Design  procedure — Preliminary  design — Exact  design 
— Example  of  typical  two-blader — Laying  out  the  airscrew  from  calcu- 
lated dimensions — Stress  calculations — Example  of  typical  four-blader — 
Comparison  of  two-blader  and  four-blader  for  the  same  machine — Sum- 
mary of  design  procedure  —  Limits  of  accuracy  in  manufacture  — 
Modification  to  design  after  test — General  methods — Particular  cases — 
Airscrews  designed  to  exceed  normal  r.p.m.  at  top  speeds. 


CHAPTER   XI 

MISCELLANEOUS  PROBLEMS  IN  AIRSCREW  DESIGN  .         .         .180 

Airship  propellers — Propellers  for  helicopters  and  direct  lift  machines — 
Aerial  propulsion  of  water-ciaft — Fan  brakes  and  cooling  fans — Windmills 
— Variable  pitch  propellers — Variable  diameter  propellers. 


PART  II 

CHAPTER   XII 

CONSTRUCTION — INTRODUCTORY       ......     203 

General  constructional  requirements — Balance  requirements — Structural 
features— Climatic  conditions  affecting  airscrew  construction — General 
history  of  constructional  methods — The  laminated  airscrew. 


CHAPTER   XIII 
PREPARING  THE  AIRSCREW  BLOCK  ......     208 

Selection  of  materials — Timber — Particular  requirements — Typical  air- 
screw timbers  and  their  properties  —  Methods  of  testing  timber  — 
Preliminary  inspection  and  preparation  of  the  lamination  planks — 
Preparation  of  the  laminations — Two-bladed  propellers — Gluing  up — 
Glue  requirements — Types  of  glue  used — General  process — Four-bladed 
propellers — Boss  jointing — Oddy  construction — General  gluing  notes. 

CHAPTER    XIV 
SHAPING  AND  FINISHING  IN  THE  WHITE          ....     220 

Rough  shaping — -Boring  the  airscrew  boss — Spindling  the  block — Rough 
shaping  by  hand — -The  band-saw  method — Shaping  machines — Using  the 
shaper — Final  shaping — Marking  off  and  preparing  templates— Shaping 
the  propeller — General  notes  on  shaping — Inspection  in  the  white — 
Limits — Balancing. 


xii  CONTENTS 

CHAPTER  XV 

PAGE 

FINISHING  PROCESSES      .         . 231 

Varnished  propellers — Fabric  covering — Brass  tipping — Types  of  brass 
tips — General  notes  on  brass  tipping — Types  of  metal  tipping — Finishing 
by  lacquering — Boss  finish— Final  balancing. 

CHAPTER    XVI 

TESTING  OF  PROPELLERS  UNDER  SERVICE  CONDITIONS    .         .     243 

Static  tests — Safety  factors — Interpretation  of  test  results — Vibration  on 
test — Propeller  defects  under  service  conditions — Behaviour  of  various 
propeller  types  in  service — Comparison  of  flexible  and  semi-rigid  types — 
Effect  of  metal  tipping  upon  the  running — The  propeller  boss  fitting — 
Propeller  performance  tests  on  service  machines. 

CHAPTER  XVII 

SPECIAL  METHODS  OF  CONSTRUCTION 252 

Laminated  propellers  with  jointed  laminations — Plyboard  propellers — 
Valeri  system — De  la  Grandville — Special  types  of  four-bladed  propeller 
— Corrugated  propellers — Metal  propellers — Adjustable  propellers — 
Possible  developments  in  propeller  construction — High-speed  machines — 
Weight-carrying  machines. 

APPENDICES 259 

INDEX 307 


PART    I. 
GENERAL  THEORY  AND  DESIGN. 


GENERAL  THEORY   AND   DESIGN 


CHAPTER  I. 
INTRODUCTION  AND  ELEMENTARY  THEORY. 

The  Function  of  an  Airscrew,  when  fitted  to  any  form  of 
aircraft,  is  to  provide  the  thrust  necessary  to  propel  the  machine 
through  the  air  at  the  expense  of  the  energy  generated  by  the 
aircraft  motor.  Thus  it  is  very  similar  to  the  marine  propeller, 
the  chief  difference  being  the  density  of  the  medium  in  which 
the  airscrew  rotates.  Also  in  the  case  of  an  aeroplane  the  thrust 
of  the  airscrew  is  necessary  to  maintain  horizontal  flight  in 
addition  to  imparting  translational  motion,  and  the  airscrew 
thrust  is  an  essential  feature  of  dynamic  flight.  Climbing  to 
higher  altitudes  is  done  at  the  expense  of  the  motor,  and  so  the 
problem  of  airscrew  design  is  of  a  much  more  complex  nature 
for  aeroplanes,  the  airship  propeller  corresponding  to  an  aero- 
plane propeller  under  special  flight  conditions.  The  airscrew  is 
the  only  form  of  propeller  associated  with  aircraft  at  present,  and 
the  terms  airscrew  and  propeller  are  used  somewhat  loosely  in 
consequence.  The  history  of  airscrew  design  is  closely  associated 
with  the  development  of  dynamic  flight,  and  from  the  beginning 
design  has  assumed  the  nature  of  a  compromise  between  aero- 
dynamic requirements  and  engine  efficiency.  The  object  of 
propeller  design  is  to  obtain,  from  the  motive  power  supplied  by 
an  engine,  the  maximum  thrust  under  specified  flight  conditions. 
As  might  be  expected,  it  is  found  that  the  factors  determining 
the  efficiencies  of  the  airscrew,  aeroplane,  and  engine  are  inter- 
dependent, and  in  general  it  is  impossible  to  have  the  three 
working  at  their  maximum  efficiency  at  the  same  time.  The 
airscrew  relatively  is  of  least  effect  under  normal  conditions,  and 
so  the  general  problem  of  airscrew  design  is  to  obtain  the  most 
efficient  propeller  for  an  aeroplane  which  is  designed  to  accom- 
modate most  efficiently  a  specified  engine.  Under  these  con- 
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ditions  practically  the  whole  of  design  theory  at  present  used 
has  been  developed  by  mathematical  manipulation,  which,  in 
view  of  the  nature  of  design  requirements,  is  far  from  satisfactory. 
Results  sufficiently  accurate  within  the  limits  of  error  of  practical 
experiment  can  be  obtained,  however,  with  this  theory,  and  it  is 
thus  suitable  for  practical  design  purposes,  although  affording 
little  basis  for  experimental  research. 

The  Action  of  an  Airscrew,  which  moves  forward  while 
rotating  about  an  axis  along  the  line  of  motion,  is  somewhat 
analogous  to  that  of  a  bolt  working  in  a  nut,  and  the  helical 
path  of  any  point  in  the  airscrew  blade  is  similar  to  the  thread 
of  a  bolt.  In  the  case  of  the  airscrew,  there  is  slip  between 
the  airscrew  and  the  air  it  engages,  except  in  a  special  condition 
of  working,  and  so  the  ordinary  values  of  pitch  as  understood  in 
the  case  of  a  screw  thread  do  not  apply  to  airscrews.  In  the 
special  case,  when  the  airscrew  is  rotating  and  moving  forward 
in  such  a  manner  as  to  produce  no  disturbance  of  the  air,  and 
consequently  no  thrust,  the  air  behaves  as  a  solid  nut,  and  the 
analogy  to  bolt  and  nut  action  is  complete.  The  distance  moved 
forward  by  the  airscrew  in  each  revolution  for  this  condition  to 
hold  is  called  the  Experimental  Mean  Pitch.  It  is  obvious 
that  for  any  particular  airscrew,  moving  in  still  air,  the  value  of 
the  experimental  mean  pitch  is  constant  and  independent  of  the 
conditions  of  working.  Also  it  is  easily  measured  experiment- 
ally, and  so  forms  a  suitable  basis  for  the  investigation  of  air- 
screw performance  by  experiment.  Under  normal  conditions, 
the  airscrew  generates  a  thrust  by  the  reaction  of  the  air  column 
pushed  backwards,  and-  as  in  consequence  the  air  velocity  in 
front  of  the  airscrew  is  different  to  that  behind  the  screw,  there 
must  be  slip  between  any  point  on  the  airscrew  blade  and  the 
air  it  engages.  Under  these  conditions  every  point  in  the  air- 
screw moves  in  a  helical  path  with  a  pitch  that  is  constant 
throughout  the  whole  of  the  screw  and  equal  to  the  forward 
advance  in  each  revolution.  This  pitch  is  generally  known  as  the 
Effective  Pitch  of  the  airscrew  path  for  the  special  conditions 
of  working.  Hence  we  have  two  fundamental  conceptions  of 
airscrew  pitch  :  the  Experimental  Mean  Pitch,  which  is  not 
necessarily  constant  throughout  the  airscrew,  but  which  is  inde- 
pendent of  the  conditions  of  working,  and  the  Effective  Pitch, 
which  is  constant  for  all  points  in  the  airscrew,  but  which  varies 
with  the  conditions  of  working. 

The  thrust  developed  by  the  airscrew  is  due  to  the  reaction 
of  the  air  column  pushed  back,  and  is  a  function  of  the  momentum 
of  this  air  column,  usually  termed  the  Slip  Stream  of  the 
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Propeller.  The  absolute  velocity  of  the  slip  stream  is  a  func- 
tion of  the  experimental  mean  pitch,  and  the  transnational 
velocity  of  the  airscrew  of  the  effective  pitch,  so  that  change  of 
momentum  and  thrust  is  dependent  upon  the  relation  between 
the  effective  pitch  and  the  experimental  mean  pitch  for  any 
condition  of  working. 

The  Theory  of  Propulsion  applied  to  Airscrews. — For 

the  complete  investigation  of  the  theory  of  propulsion  by  air- 
screws, and  in  order  to  form  a  mathematical  conception  of  the 
flow  in  three  dimensions,  it  is  necessary  to  have  a  sufficient 
knowledge  of  the  air  flow  throughout  the  region  affected  by  the 
airscrew.  At  present  there  is  not  sufficient  knowledge  of  air 
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FIG.  i. — Fluid  Flow  through  a  Propeller  Actuator. 

flow  for  such  a  theory  to  be  established,  and  in  common  with 
most  of  the  problems  of  aerodynamics,  practical  design  theory 
consists  of  the  suitable  application  of  experimentally  determined 
results. 

With  the  Momentum  Theory  of  Propulsion  as  investi- 
gated by  Rankine,  Froude,  and  Henderson,  an  attempt  is  made 
to  obtain  the  airscrew  or  propeller  performance  by  a  consider- 
ation of  the  change  of  momentum  of  the  fluid  in  passing  from 
the  undisturbed  region  to  the  slip  stream,  but  though  this 
method  has  been  successfully  applied  to  the  design  of  marine 
propellers  it  is  not  yet  sufficiently  developed  for  practical  air- 
screw design.  The  foundation  of  the  theory  is  in  the  conception 
of  a  Newtonian  Medium  of  small  independent  particles 
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which  is  mathematically  continuous.  Lanchester  has  shown 
this  to  be  incorrectly  used  in  aerodynamic  theory,  but  in  the 
theory  of  propulsion  the  errors  introduced  are  so  small  as  to  be 
negligible.  A  propeller  or  airscrew  moving  forward  and  giving 
thrust  will  cause  an  added  velocity  in  the  slip  stream,  in  the 
same  manner  as  a  rotating  airscrew  with  air  moving  towards  it 
with  uniform  velocity,  and  we  may  consider  that  the  fluid  flow 
can  be  represented  as  in  Fig.  I,  with  the  airscrew  rotating 
without  translational  motion. 

It  is  found  by  experiment  that  the  change  of  velocity  is  not 
sudden  and  abrupt  at  the  propeller  disc,  but  occurs  both  before 
and  behind  the  airscrew.  For  a  complete  investigation  it  is 
necessary  to  be  able  to  express  in  mathematical  terms  the  fluid 
flow  between  the  planes  X  X  and  Y  Y.  Our  present  knowledge, 
as  gained  by  experiment,  is  insufficient  for  this,  but  it  has  been 
shown  that,  under  all  known  conditions  of  flight,  this  added 
velocity  is  made  up  of  an  inflow  velocity  before  the  propeller  and 
an  equal  outflow  velocity  behind  it.  For  the  purpose  of  in- 
vestigation the  following  symbols  are  assumed  : 

m  =  Mass  of  fluid  dealt  with  by  propeller  per  second. 
Y!  =  Translational  velocity  of  airscrew  in  feet  per  second  =  assumed 

velocity  of  air  before  the  propeller  disc. 

Y!  +  v  —  Velocity  of  fluid  in  the  slip  stream  relative  to  the  airscrew. 
n  -  Propeller  revolutions  per  second. 
v  —  Added  slip  stream  velocity  ft./sec. 
vl  =  Inflow  velocity  ft./sec. 
z>3  =  Outflow  velocity    „ 

a-^  =  Equivalent  area  of  undisturbed  air  affected  by  propeller. 
a2  =  Area  of  cross-section  of  slip  stream. 
AD  =  Effective  area  of  airscrew  disc. 

The  following  results  are  immediately  apparent : 

VT  =  n  x  effective  pitch. 
V1  +  v  =  Experimental  mean  pitch  x  n. 
v 

V,    =    Va    =    - 
»  2 

For  the  medium  to  be  continuous 

«!  Vx  -  AD  (V!  +  Vl)  =  a,  (Vx  +  v) 

With  Froude's  Hypothesis  it  is  assumed  that  the  whole 
of  the  change  of  the  kinetic  energy  of  the  fluid  passing  through 
the  propeller  is  at  the  expense  of  the  propeller  actuator,  and 
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that  the  whole  of  the  change  of  momentum  is  effective  in  pro- 
ducing thrust,  and  then  : 

Work  done  by  actuator  =  Total  change  of  kinetic  energy 

m  m 

-1  (V1  +  ^_  -Vf 

m 

=  -  (2  Y!  v  +  tf] 

Effective  thrust  developed  =  m  x  change  of  velocity 

=  m  v 
Work  done  in  thrust  =  m  v  V 


and  propeller  efficiency  =  - 

( 
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In  this  hypothesis  the  effect  of  inflow  velocity  is  not  considered. 

With  Henderson's  Hypothesis  it  is  assumed  that  the 
whole  of  the  fluid  before  the  propeller  forms  a  conservative 
medium,  and  the  only  change  in  the  kinetic  energy  at  the 
expense  of  the  propeller  and  in  the  momentum  producing 
effective  thrust  occurs  behind  the  propeller.  Then 

Work  done  by  propeller  actuator  =  Change  in  kinetic  energy  behind 

propeller 
m  m 
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Effective  thrust  developed  =  Change   in    momentum  behind 

propeller 
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Useful  work  done  =  Thrust  x  Vl 
=  mV\(v-  v{) 

m  V,  (v  - 
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Efficiency  = 


v 
and  when  v-,  =  v*  =  -  this  becomes 

2          2 

Efficiency  =  - 
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To  complete  the  analysis  of  propeller  performance  by  either 
of  these  hypotheses  it  is  necessary  to  be  able  to  express  m  in 
terms  of  propeller  dimensions  or  otherwise,  and  in  addition  a 
knowledge  of  the  air  flow  velocities  is  necessary.  At  present 
our  experimental  knowledge  is  not  sufficient  for  this  to  be 
calculated  to  any  degree  of  accuracy,  and  the  results  arrived 
at  by  this  theory  are  chiefly  of  interest  from  the  view  of  future 
research.  The  most  important  of  these  is  that  as  the  added 
velocity  in  the  slip  stream  decreases  the  efficiency  of  the  pro- 
peller increases,  leading  to  the  assumption  that  the  greater  the 
amount  of  air  m  dealt  with  by  the  airscrew  the  greater  the 
efficiency. 

The  Blade-Element  Theory. — In  the  design  of  airscrews 
for  practical  purposes,  it  is  less  important  to  know  the  air  flow 
at  the  airscrew,  than  to  predict  accurately  from  a  knowledge  of 
its  dimensions,  the  power  absorbed,  the  thrust  developed,  and 
the  efficiency  of  an  airscrew  working  under  required  flight 
conditions. 

In  general  an  airscrew  consists  of  a  number  of  similar  blades, 
generally  two  or  four,  though  any  number  may  be  used,  greater 
than  one  in  order  to  maintain  symmetry. 

The  section  of  the  blade  varies  throughout  its  length,  and  in 
the  blade-element  theory  the  power  absorbed  and  developed  is 
calculated  from  a  knowledge  of  the  sections  at  definite  radii,  and 
the  working  conditions  in  flight.  It  is  assumed  that  the  sections 
vary  uniformly  from  the  airscrew  boss  to  the  tip  in  such  a 
manner  that  there  is  no  discontinuity  of  airflow  across  the 
blade,  and  then  the  blade  is  considered  as  an  infinite  number  of 
small  elements.  The  power  absorbed  and  developed  by  each  of 
these  elements  is  calculated  from  the  aerofoil  properties  of  the 
section  ;  and  by  a  process  of  summation,  the  total  power 
absorbed  and  developed  by  the  airscrew  blade  is  determined. 
This  theory  was  first  enunciated  by  Drzewiecki,  and  developed 
later  by  Lanchester,  Riach,  and  others,  so  that  it  now  forms  an 
accurate  basis  for  general  design  theory.  Any  section  of  the 
blade  moves  in  a  helical  path,  with  an  absolute  velocity  dependent 
upon  the  forward  and  rotational  velocity  of  the  airscrew  and  at 
an  angle  to  the  plane  of  rotation  also  dependent  upon  these 
velocities.  The  blade  element  is  taken  sufficiently  narrow  for 
the  section  to  be  approximately  constant,  and  is  considered 
independently  as  an  aerofoil  moving  through  the  air,  with  the 
velocities  of  rotation  and  translation  determined  by  its  position 
in  the  airscrew  blade,  for  the  aerodynamic  forces  acting  upon  it 
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to  be  calculated.  These  forces  are  integrated  throughout  the 
blade  length,  and  the  total  power  absorbed  and  developed 
obtained.  This  theory  has  obvious  limitations,  the  chief 
assumptions  being :  (a)  that,  each  element  of  the  blade  has  the 
same  aerodynamic  properties  as  an  aerofoil  of  the  same  section, 
when  tested  in  the  wind  tunnel  ;  and  (b}  that  it  is  not  affected 
by  the  adjacent  portions  of  the  airscrew.  In  order  to  keep  the 
results,  deduced  by  this  theory,  within  reasonable  limits  of 
accuracy,  it  is  important  that  the  detail  design  of  the  airscrew  is 
such  that  the  air  flow  is  conformable  to  these  assumptions,  and 
with  such  provision  the  limits  of  error  are  within  those  of 
practical  construction.  In  the  mathematical  investigation  and 
development  of  the  theory  the  following  notation  is  adopted 
throughout  the  book,  the  English  system  of  units  (foot-pound- 
second)  being  used  : 

Vj   =  Translational  velocity  of  airscrew. 

n  =  Speed  of  rotation. 

r  =  Radius  of  blade  element. 

d  r  =  Span  of  element. 

V  ==  2  TT  n  r  =  Rotational  speed  of  element. 

W  =  Total  velocity  of  element  =  (V3  +  Vj3)* 

VT 
0  =  Effective  helix  angle  =  tan"1  -vv- 

A  =  Blade  angle. 

i/>  =  Angle  of  incidence  =  A  -  6  (or  angle  of  attack). 
Ky  =  Absolute  lift  coefficient. 
Kx  =  Absolute  drift  coefficient. 
Lift        Ky 

=   Drift  =  K7 

j^ 
Y  =  Gliding  angle  =  cot'1  v, 

C  =  Blade  width  at  element. 

a  =  Maximum  ordinate  of  upper  surface  of  blade  section. 

b  =  Maximum  ordinate  of  under  surface  of  blade  section. 

a 

~  =  Camber  of  section. 

-  =   Mass  density  of  air. 

I)  =  Overall  diameter  of  airscrew. 
LF  =  Lift  reaction  on  element. 
DF  =  Drift  reaction  on  element. 
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d  Q  =  Torque  horse-power  absorbed  by  element. 
dT  =  Thrust  horse-power  developed  by  element. 

j  T 

j/e  =  Efficiency  of  blade  element  =    — 

Q  =  Total  power  absorbed  by  airscrew. 

T  =  -  Total  thrust  power  developed  by  airscrew. 

T 
T)  =  Efficiency  of  airscrew  =  ^ 

TF  =  Thrust  of  airscrew. 

v  =  Added  velocity  in  slip  stream, 

vl  =  Inflow  velocity  before  propeller. 

z>2  =  Added  velocity  behind  propeller. 
v  =  i\  +  v.2 
Vj  +  z/j  =  Translational  velocity  relative  to  air  meeting  the  airscrew. 

zl  —  Inflow  velocity  in  plane  of  rotation. 
V  -  zl  =  Relative  rotational  velocity  to  the  air  meeting  the  airscrew. 

vi  +  »i 
0:  =  Helix  angle  of  relative  air  path  =  tan"1  •-,,--• 

V  ffj 

i//x  =  A  -  01  =  Angle  of  incidence  of  element  to  relative  air  path. 

P    —  P 

s  =  Slip  ratio  =  — °-p — 

P0  =  Experimental  mean  pitch  of  airscrew. 
Pe  =  Effective  pitch  of  helix. 
PF  =  Face  pitch  of  airscrew. 

V,          Effective  pitch 

-  ratio. 
n  D  Diameter. 

Qc  =  Torque  power  coefficient. 
Tc  =  Thrust  power  coefficient. 

In  the  development  of  the  Blade-Element  theory  it  is  assumed 
that  the  forces  acting  on  an  element  moving  through  the  air 
with  uniform  velocity  are  the  same  as  when  the  element  is  at 
rest  and  the  air  is  moving  past  it  with  an  equal  and  opposite 
velocity. 

With  this  assumption  the  airflow  across  any  element  is  as 
shown  in  Fig.  2,  representing  the  plan  and  elevation  of  a 
typical  airscrew  blade  and  a  section  at  about  75  of  the  tip  radius. 

For  the  purposes  of  analysis  the  element  is  considered  as  an 
aerofoil  of  the  section  shown  of  span  dr  and  chord  C  with  the 
air  moving  normally  across  it  at  a  speed  W  and  at  an  angle  \fj  to 
the  chord  of  section. 

Under  these  conditions  the  section   is  subject  to  the    Lift 
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Reaction  LF  and  the  Drift  Reaction  DF  normal  to  and  along  the 
air  path  respectively  ;  and  these  are  the  only  aerodynamic  forces 
acting.  Since  Vl  is  constant  across  the  blade,  and  V  varies  with 
the  radius  of  the  section,  the  value  of  the  helix  angle  6  is  not 
constant  throughout  the  blade,  and  the  aerodynamic  reactions 
are  not  acting  in  the  same  plane  throughout  the  blade.  Hence 
it  is  convenient  to  resolve  the  aerodyamic  forces  at  each  section 
into  two  forces,  one  acting  along  the  direction  of  translational 
motion  of  the  airscrew,  and  the  other  in  the  plane  of  rotation  and 
normal  to  the  tangential  motion  of  the  element  considered.  The 
first  of  these  constitutes  the  Thrust  Force  tending  to  drag^or 


FIG.  2. — Plan  and  Section  of  a  typical  Blade  Element. 

push  the  airscrew  in  a  direction  parallel  to  the  axis  of  rotation, 
while  the  tangential  force  will  tend  to  retard  the  speed  of 
rotation  of  the  airscrew  and  is  termed  the  Torque  Force. 
Hence  the  forces  acting  on  each  element  are  as  in  Fig.  3. 

From  Fig.  3  the  following  relations  are  obtained  : 
Torque  force  on  element  =  Lf  sin  d  +  Df  cos  0. 
Thrust  force  on  element  =  Lf  cos  0  -  Df  sin  6. 

Also  from  the  elementary  laws  of  Aerodynamics  we  have 
Lift  force  on  an  aerofoil  =  Kv  -  A  V2 


where       Kv  =  Absolute  lift  coefficient. 


g 
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-  =  Mass  density  of  air. 


g 

A  =  Area  of  aerofoil. 

V  =  Absolute  relative  velocity  of  aerofoil  to  air. 

and  Drift  force  =  Kx  9-  A  V2 

<$ 

where       Kx  =  Absolute  drift  coefficient. 

Applying  these  results  to  the  Blade  Element  we  have  with 
the  notation  previously  given 


Df  =  - 


THRUS 


FIG.  3.  —  Aerodynamic  Forces  on  a  Blade  Element 
(neglecting  Inflow  Velocity). 

And,  Torque  force  on  blade  element 

=  ^  C  dr  W2  Ky  sin  0  +  ^  C  dr  W2  Kx  cos  0 

" 


Ar 


g^-     rsm0 


j  +  KXV 


+- 
y 
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Thrust  force  developed  by  blade  element 
-2  Ky  cose  -  ^ 


The  Torque  Power  absorbed  by  the  Element 

=  d  Q  =  Torque  force  x  rotational  velocity 

=  -  C  dr  -Y^   Ky  I  V,   x  —  I  x  V 
g  sin  «      y  I  yj 

P      VV,         f  V) 

=  ^C  -riKJv,  +  —  \dr 

g    sme    y     i      y) 


In  the  problem  of  airscrew  design,  it  is  of  the  greatest  im- 
portance to  know,  or  to  be  able  to  calculate,  the  total  power 
absorbed  under  specified  conditions  of  forward  and  rotational 
velocity  ;  and  with  our  assumptions  forming  the  basis  of  the 
blade-element  theory  the  total  power  absorbed  by  an  airscrew 

=  Q  =  S  ^/Q'for  values  of  r 

covering  the  effective  portion  of  the  airscrew.  With  an  airscrew 
of  overall  diameter  D,  composed  of  N  similar  blades,  the  whole 
of  the  airscrew  absorbs  torque  power,  and  we  have 


The  expression  for  d  Q  can  be  written  in  various  ways  since 
the  terms  are  interdependent,  but  it  is  most  easily  used  in  the 
form  given. 

The  Thrust  Power  developed  by  the  rotating  Blade 
Element 

=  dT  =  Thrust  force  x  translational  velocity 

dr      V  -  Yi\    x   V 


cos  0 
cos  t) 


JV  -  Yi\    x 
{  y  J 
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and  with  an  airscrew  of  diameter  D  of  N  similar  blades 

n 

f*   dT 
Thrust  power  developed  =  N    /      —  d  r 

o 

The  total  efficiency  (»»)  of  any  airscrew  working  under  specified 
conditions 

Thrust  power  developed 

Torque  power   absorbed 
p 

/    ;P  dr 

J      d  r 


- 

dr 


The  efficiency  of  a  particular  element 


=    »7e    = 


sin  6 
cos  6 


V  - 


=   tan 


V  - 


This  expression  does  not  express  in  any  way  the  total  overall 
efficiency  of  an  airscrew,  but  is  of  interest  in  analysis  by  the 
blade-element  theory.  The  total  airscrew  thrust  may  be  found 
by  integrating  the  expression  for  the  thrust  of  a  blade  element 
over  the  airscrew,  but  it  is  more  conveniently  found  from  a 
knowledge  of  the  thrust  power  developed  and  the  forward  speed 
of  the  airscrew. 

The  Limitations  of  the  Blade-Element  Theory.— The 
results  obtained  by  the  use  of  the  preceding  theory  do  not  agree 
exactly  with  those  obtained  by  experiment,  and  various  modifi- 
cations of  the  theory  have  been  proposed.  These  have  been 
suggested  by  the  conditions  of  air  flow  round  the  airscrew,  the 
following  being  the  chief  conclusions  arrived  at  by  experiment : — 
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(a)  The  acceleration  of  the  air  in  the  slip  stream  does  not 
occur  suddenly  at  the  plane  of  rotation  of  the  airscrew,  but  is 
spread  over  a  region  which  extends  before  and  behind  the  air- 
screw in  such  a  manner  that  the  translational  velocity  of  the 
airscrew  relative  to  the  air  meeting  it  is  Vl  +  vl  where  vl  is 
called  the  inflow  velocity. 

(#)  The  air  passing  across  the  airscrew  blade  experiences  a 
drag  effect,  so  that  the  rotational  velocity  of  the  blade  element 
relative  to  the  air  meeting  it  is  less  than  V.  This  retarding 
effect  occurs  before  the  air  reaches  the  blade,  as  well  as  while 
passing  across  it,  and  the  effect  is  to  make  the  actual  velocity  of 
the  blade  element  relative  to  the  air  in  the  plane  of  rotation 
equal  to  V  —  ~r 


FIG.  4. — Aerodynamic  Forces  on  a  Blade  Element 
(including  Inflow  Velocity). 

(c)  There  is  a  considerable  radial  flow  of  air  at  the  airscrew 
tip,  so  that  it  is  incorrect  to  assume  the  air  flow  to  be  two- 
dimensional  at  any  of  the  blade  elements. 

(cT)  At  high-tip  velocities  the  air  becomes  compressible  and 
the  fundamental  laws  of  aerodynamics  are  no  longer  true  at 
such  velocities. 

Of  these  effects  it  has  been  attempted  to  include  the  effect  of 
(a)  and  (b)  in  the  analysis  of  the  blade-element  theory,  while  the 
effects  of  (c)  and  (d)  are  either  neglected  or  dealt  with  by 
correction  factors  decided  upon  by  past  experience. 

The  Blade-Element  Theory  with  Inflow  Velocity — 
The  effect  of  inflow  velocity  at  any  blade  element  may  be 
considered  if  we  assume  that  the  velocities  of  the  element  in  the 
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planes  of  translation  and  rotation  are  increased  and  diminished 
by  the  velocities  t>l  and  z^  respectively,  so  that  the  relative  air 
stream  may  be  as  shown  in  Fig.  4.  The  inclination  of  the  re- 
sultant air  path  to  the  plane  of  rotation  is  6l  where 


and  the  anerle  of  incidence  of  the  blade  section  to  the  resultant 

O 

air  path  , 

=  ^  =  (A  -  Bj. 

Then,  by  the  same  reasoning  as  before,  we  have 
Torque  force  on  element 

=  Lf  sin  6{  +  Df  cos  6l 


=  P  C  Ky  W,   (V1  +  ^  +  —  -Zl\dr 
K  \  7      > 


Thrust  force  on  element 

=  LfCOS0! 

-  ?  C  dr  IK    W  2Vi  -  z\  _ 

~         rKw—     - 


y 
Yi  +  M 

y          J 


Torque  power  absorbed 


=  Torque  force  x  V 

=  £  C  Ky  IffiL  +  S)  fVl  +  ^ 

jg"  sm^        L 


Thrust  power  developed 

=  dT  ='  Thrust  force  x  Vl 


cos 


Efficiency  of  blade  element 

ifT 
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r 


V 


=  tan  61 


+ 


V  - 


v-  -  * 


y       J 


v  - 


+ 


v-«i 

7       J 


These  results  may  be  simplified  by  the  use  of  the  experi- 
mentally determined  facts  that 

&i  =    -=  Half  of  the  added  slip  stream  velocity, 

and  that  zv  is  sufficiently  small  to  be  negligible,  and  we  then 
have 


Sin8 


and 


=  tan 


V  - 


Theoretical  Application  of  the  Blade-Element  Theories. 
—The  analysis   of   the  blade-element  theory  gives  us  expres- 
sions for 


dr  dr 

for  any  element  in  terms  of  the  following  quantities  :  — 

V,  V1}P,  C,  Ky,z/,  0,0!,  andy. 

O 

Hence  to  calculate  the  values  of  the  characteristics  of  the  air- 
screw, it  is  necessary  to  have  a  knowledge  of  these  quantities  at 
all  points  in  the  airscrew  blade.  If  these  quantities  were  all 
functions  of  r  or  constant,  then  it  would  be  possible  to  form 
expressions  for 


;      and  IT* 
dr  dr 

\vhich  would  permit  of  mathematical  integration  over  the  whole 

c 
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airscrew  blade.     In  general,  this  is  impossible,  and  it  is  more 
convenient  to  integrate  the  expressions  by  finding  values  of 


, 

-i  and  —  - 
d  r  a  r 

at  various  radii,  plotting  these  as  ordinates  with  the  radii  as 
abscissae  ;  and  from  the  area  of  the  figure  thus  drawn,  the  values 
of  Q  and  T  may  be  found.  This  process  is  shown  in  detail  for 
particular  cases  later. 

If  we  assume  that  all  the  terms  necessary  for  the   calcu- 
lation of 


a  r  dr 

at  various  radii  are  known,  it  is  possible  to  obtain  the  power 
absorbed  and  developed  by  the  airscrew.  The  two  theories 
previously  investigated  give  different  expressions  for  d  Q  and 
d  T,  and  to  compare  them  it  is  necessary  to  calculate  the 
characteristics  of  various  airscrews  by  both  methods,  and  to- 
compare  them  with  experimentally  determined  results.  Hence, 
before  proceeding  further  with  the  theory  of  airscrew  analysis,  it 
is  advisable  to  apply  the  results  already  obtained  to  particular 
cases.  Of  the  terms  required  for  this  analysis  at  any  blade 
element  of  radius  r,  the  terms  V,  Vlf  0  are  usually  determined 
from  the  working  conditions  of  engine  revolutions  and  transla- 
tional  velocity,  but  the  remaining  terms  must  be  assumed,  and 
for  this  further  investigation  is  necessary. 


CHAPTER   II. 

AEROFOILS  SUITABLE  FOR  AIRSCREW  SECTIONS. 

THE  fundamental  hypothesis  of  the  blade-  element  theory,  is 
that  the  airscrew  blade  is  made  up  of  an  infinite  number  of 
aerofoils  of  varying  section.  From  wind-tunnel  experiments  it 
is  found  that  to  a  fair  degree  of  approximation,  the  aerofoil 
constants  are  independent  of  the  dimensions  for  similar  sections, 
and  of  the  velocity  of  the  relative  air  stream  ;  and  therefore, 
from  the  knowledge  of  an  aerofoil  section  it  is  possible  to  obtain 
the  aerofoil  characteristics  under  various  conditions  of  flight. 
Hence,  before  beginning  the  analysis  of  any  particular  airscrew 
it  is  necessary  to  be  able  to  assume  the  sections  of  the  blade  at 
the  radii  selected,  and  to  find  the  aerofoil  characteristics  Ky  and 
y  for  these  sections  at  various  conditions  of  working. 

The  Choice  of  Airscrew  Sections  —  There  are  three  main 
factors  determining  the  suitability  of  an  aerofoil  section  as  an 
airscrew  section. 

(a)  From  the  expression  for  the  blade-element  efficiency 


—  tan  6 


vi  +  - 
7 

it  follows  that  for  maximum  thrust  efficiency  the  value  of  y 
should  be  a  maximum,  that  is,  the  aerodynamic  efficiency  of  the 
section  should  be  as  high  as  possible  ;  and  to  reduce  the 
airscrew  dimensions  and  prevent  sudden  variation  of  aerody- 
namic loading  the  value  of  Ky  should  be  high  and  uniformly 
variable  over  a  long  range  of  angles  of  incidence. 

(&)  Each  airscrew  blade  acts  as  a  cantilever  fixed  at  one  end, 
with  a  bending  load  distributed  along  its  axis  and  a  tension 
along  the  axis  of  the  blade  due  to  centrifugal  forces.  The 
airscrew  at  any  point  must  be  sufficiently  strong  to  prevent 
undue  stress  in  the  material,  and  these  stress  considerations  limit 
the  section  dimensions. 

(c)  The  shape  and  disposition  of  the  sections  at  various 
points  along  the  blade  must  be  such  that  an  airscrew  blade  is 
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produced,   whose   'lines'   cause   the    minimum   disturbance   of 
air  flow. 


CAMSER  *    '08 


CAMBER  =    -IOO 


CAMBER  =  -IEO 


CAMBER 


160 


FIG.  5. — Aerofoils  for  Airscrew  Sections. 

It  is  possible  to  vary  the  sections  by  varying  the  camber  (or 
ratio  between  the  maximum  thickness  and  the  blade  width  of 
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the  section) ;  or  by  varying  the  contours  of  the  upper  and  lower 
surfaces.  It  is  found  most  convenient  to  keep  the  sections  of 
similar  contours  for  the  upper  and  lower  surfaces,  and  to  vary 
the  camber  along  the  blade  as  required  by  stress  considerations, 
the  arrangement  of  the  section  dimensions  being  settled  by 
practical  experience. 

Types  of  Airscrew  Sections. — These  are  determined 
chiefly  by  experience  and  by  means  of  wind-tunnel  experiments. 
The  family  of  sections  shown  in  Fig.  5  are  now  almost  universally 
used  in  airscrew  design,  the  camber  increasing  towards  the  boss 
with  a  root  section  of  the  type  shown  in  Fig.  6.  This  family  of 


IOP CAMBER  «  "c"    =  *E.O 


C 


b. 


DOT-TOM  L.  AMBER  c  *  -Qg 

FIG.  6. — Typical  Root  Section. 

sections  form  highly  efficient  aerofoils,  and  afford  strength  to 
resist  deformation  due  to  the  varying  aerodynamic  loads.  The 
flat  under  surface  facilitates  manufacture  considerably  without 
sacrifice  of  efficiency.  For  particular  types  of  airscrews  the 
sections  are  sometimes  formed  with  similar  top  surfaces  but 
with  a  concave  under  surface.  This  increases  the  lift  coefficient 
Ky  without  loss  of  efficiency,  and  decreases  the  total  weight  of 
the  airscrew.  At  the  same  time  increased  cost  of  manufacture 
limits  these  sections  to  very  large  airscrews. 

The  Aerofoil  Characteristics  of  Airscrew  Sections.— 
The  investigation  of  the  aerofoil  characteristics  of  a  family  of 
airscrew  sections  is  carried  out  by  wind-tunnel  experiments  on 
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sections  of  varying  camber,  the  ordinates  of  the  different  sections 
at  various  fractions  of  the  chord  bearing  a  fixed  relation  to  the 
maximum  ordinate. 

Most  of  the  useful  work  in  connection  with  this  has  been 
carried  out  by  Eiffel,  at  St.  Cyr,  and  at  the  National  Physical 
Laboratory.  A  complete  description  of  these  investigations 
cannot  be  given  here,  and  for  further  information  the  reader 
should  consult  the  works  of  Eiffel  and  Judge,  and  also  the 
Reports  of  the  National  Advisory  Committee  for  Aeronautics. 
The  aerofoil  characteristics  of  the  sections  shown  in  Figs.  5  and 
6  have  been  obtained  by  wind-tunnel  experiments  on  models  of 
6"  chord  with  a  wind  speed  of  60  ft.  per  second.  Earlier  ex- 
periments on  similar  aerofoils  of  2j"  chord  at  20  ft.  per  second 
give  different  results,  the  values  of  Ky  being  approximately  the 
same,  and  the  values  of  y  being  considerably  lower. 

Investigations  have  also  been  carried  out  upon  similar 
aerofoils,  varying  :  (a~)  the  position  of  the  maximum  ordinate  ; 
{b}  the  contour  of  the  upper  surface  ;  and  (c)  the  relative  air 
speed  across  the  aerofoil.  From  these  investigations  the 
following  conclusions  have  been  arrived  at  in  connection  with 
the  aerofoil  properties  of  the  sections. 

(a)  The  position  of  the  maximum  ordinate  has  an  effect 
upon  the  lift/drift  and  should  be  at  '33  of  the  chord  from  the 
leading  edge. 

(£)  The  shape  of  the  nose  from  the  leading  edge  to  the 
maximum  ordinate,  has  most  effect  upon  the  aerodynamic 
efficiency. 

(c)  The  effect  of  an  increase  in  the  value  of  wind  speed 
X  chord  is  to  increase  the  value  of  lift/drift  without  altering  the 
lift  coefficient  up  to  a  value  of  vl  =  25,  and  for  all  higher  values 
of  v  I  the  coefficients  are  only  affected  to  a  negligible  extent. 

For  the  typical  family  of  sections  shown  in  Figs.  5  and  6  the 
aerofoil  characteristics  for  sections  of  cambers  varying  from  -o8 
to  '16  have  been  found.  The  contours  of  the  top  surfaces  can  be 
plotted  from  the  values  given  in  Table  I.  ;  and  for  intermediate 
values  of  the  camber  they  can  be  plotted  by  a  comparison  of 
these  values. 

The  values  of  the  lift  coefficient  and  the  lift/drift  at  various 
angles  of  incidence,  are  given  in  Table  II.,  and  the  variation  of 
these  coefficients  with  the  angle  of  incidence  of  the  section  are 
shown  in  Figs.  7  and  8. 

From  a  study  of  these  curves  various  facts  of  the  greatest 
importance  in  airscrew  design  can  be  deduced.  The  curves  are 
all  similar  and  uniform,  and  this  enables  us  to  obtain  the 
characteristics  of  sections  of  intermediate  cambers  very 
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accurately  by  proportion.  The  maximum  value  of  the  lift/drift 
occurs  at  the  same  angle  of  incidence  (2^°)  for  all  values  of 
camber,  and  decreases  uniformly  with  an  increase  of  camber. 


ANGLE.    OF  INCIDENCE 
FIG.  7. — Lift  Coefficient  Curves  for  typical  Airscrew  Sections. 
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Hence  it  is  necessary  to  keep  the  sections  as  thin  as  possible  to 
obtain  maximum  efficiency,  down  to  a  minimum  value  of  '06  for 
the  camber,  as  below  this  value  the  aerodynamic  efficiency 
decreases  rapidly. 

From  Figs.  7  and  8  it  is  apparent  that  the  characteristics  of 
the  typical  root  section   are  different  to  those  for  the  family 
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14-°     16° 


FIG.  8.  —  Lift/Drift  Curves  for  typical  Airscrew  Sections. 
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shown  in  Fig.  5,  and  the  following  useful  results  are  deduced  for 
the  sections  of  flat  undersurface  only.  The  lift  curves  of  all  the 
sections  between  the  range  of  angles  -  2°  to  8°  for  ;//  are  straight 
and  parallel,  and  for  any  value  of  the  camber  we  obtain  the 
expression 

Ky  @  \],°  =  Ky  @  o°  +  '037  i// 

the  lift  coefficient  being  a  linear  function  of  the  angle  of  inci- 
dence. Also  the  value  of  the  lift  coefficient  at  o°  bears  a  fixed 
relation  to  the  camber  as 

Ky@o°  =  -045  +  i- 


and  hence  a  general  expression   for  the  lift  coefficient  of  any 
section  of  camber  (=•]  at  an  angle  of  incidence  i//  is 


Ky       = 


a  formula  very  useful  in  preliminary  design. 

Application  of  Aerofoil  Characteristics  to  Typical  Air- 
screw Blades.  —  The  values  of  the  characteristics  of  the  aerofoil 
sections  considered,  were  obtained  in  wind-tunnel  experiments 
on  models  of  6"  chord  and  36"  span  of  rectangular  plan  form, 
and  with  an  average  air  speed  of  60  ft.  per  second.  In  an 
average  airscrew  the  tip  speed  may  become  as  high  as  900  ft. 
per  second  in  an  airscrew  of  9  ft.  diameter  with  a  maximum 
blade  width  of  I  ft.  Before  using  the  characteristics  obtained 
for  the  airscrew  sections  it  is  necessary  to  consider  the  effect  of 
these  dimensions.  The  first  of  these  is  the  scale-speed  effect  ; 
in  the  model  the  value  of  v  I  (wind  speed  x  chord  ft.  -sec.) 
being  30,  while  in  the  actual  airscrew  it  may  become  as  high  as 
900.  It  is  quite  within  practical  limits  of  accuracy  to  neglect 
this  difference  in  value  of  v  I,  as  experiment  shows  that  for 
values  over  25  the  results  obtained  are  comparable  over  a  great 
range  of  v  I. 

In  the  model  the  value  of  the  aspect  ratio,  or  span/chord,  is 
6,  and  experiments  show  that  a  change  of  value  of  the  aspect 
ratio  has  a  great  effect  upon  the  aerofoil  characteristics.  In  the 
case  of  an  airscrew  blade  where  the  blade  width  is  variable,  there 
is  no  definite  value  of  the  aspect  ratio.  The  effect  of  increasing 
or  decreasing  the  aspect  ratio  in  an  aerofoil  of  rectangular  plan 
form  is  to  diminish  or  increase  the  end  losses  in  terms  of  the  total 
lift  and  this  effect  of  end  losses  in  the  airscrew  blade  is  affected 
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by  the  variation  of  blade  width  and  relative  air  velocity  over  the 
blade  diameter.  However  in  the  case  of  any  normal  type  of 
blade  the  relation  blade  radius  maximum  blade  width 
is  comparable  to  the  aspect  ratio  of  the  experimental  aerofoil, 
and  when  this  becomes  less  than  6  the  aerofoil  characteristics 
used  must  be  corrected.  The  effect  of  the  reduction  of  the 
aspect  ratio  in  a  normal  aerofoil  is  to  reduce  the  value  of  7  with- 
out greatly  affecting  Ky ,  and  it  is  most  convenient  to  use  the 
ordinary  values  in  airscrew  design  and  apply  a  correction  factor 
determined  by  experience  to  the  results  obtained. 


FIG.  9. — Interference  Effects  of  multi-bladed  Airscrews. 

The  effect  of  interference  due  to  the  number  of  blades  must 
also  be  taken  into  account. 

In  an  airscrew  consisting  of  N  blades  moving  forward  with 
velocity  Vl  and  rotating  at  a  speed  of  n  revs,  per  second,  the 
forward  distance  moved  per  revolution 
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and  the  distance  moved  forward  by  the  airscrew  while  one  blade 
is  rotating  into  the  position  occupied  by  the  preceding  blade 

=  «N 

and  then  the  distance  between  succeeding  blade  paths  normal  to 
the  relative  path  of  the  blade  element 

=  — -i   cos  0     [See  Fig.  9]. 

This  value  is  comparable  to  the  gap  in  a  biplane,  and  from 
experiments  we  are  justified  in  assuming  that  interference  between 
the  blades  does  not  take  place  as  long  as  this  is  greater  than  three 
times  the  blade  width  at  the  particular  radius  considered.  When 
this  value  is  less  than  that  required  for  the  condition  of  no  inter- 
ference, the  effect  can  be  allowed  for  by  the  use  of  a  correction 
factor  with  the  results  obtained. 

The  Effect  of  Aerofoil  Efficiency  upon  Airscrew  Effi- 
ciency.— The  importance  of  the  aerofoil  characteristics  of  an 
airscrew  section,  in  the  propulsive  efficiency  of  the  blade  element 
it  forms,  is  shown  in  Fig.  10.  It  is  assumed  that  the  effect  of 
inflow  velocity  can  be  neglected  so  that 

v-Xi 

y   _  i  -  tan  0  tan  Y 


rje  =  tan  0    ^        v          tan  0  +"tan  Y 

tan  0 

"  tan  (0  +  Y) 

In  the  case  of  a  very  good  section  at  the  most  effective  part 
of  the  blade  the  value  of  the  lift/drift  would  be  about  17,  so  that 
Y  =  3^°,  while  with  a  blade  not  well  designed  for  minimum 
disturbance  of  air  flow  the  value  of  y  could  easily  fall  to  10,  so 
that  Y  =  5°  -  42'. 

The  curves  plotted  for  these  conditions  show  that  a  loss  of 
efficiency  of  10  per  cent,  could  be  caused  under  some  working 
conditions.  In  addition,  Fig.  10  is  important  in  showing  how 
the  propulsive  efficiency  of  the  element  is  dependent  upon  the 
effective  helix  angle,  and  will  be  referred  to  at  length  later. 

The  Importance  of  Stress  Considerations  in  the  Selec- 
tion of  Airscrew  Sections. — The  general  stresses  in  an  airscrew 
blade  comprise  the  bending  stresses  due  to  loading  as  a  canti- 
lever, the  tension  along  the  blade  due  to  centrifugal  action  and 
varying  aerodynamic  loads  across  the  section  at  any  radius. 
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These  stresses  may  be  considered  independently  of  each  other 
and  the  results  afterwards  combined,  as  the  whole  nature  of  the 
loading  is  too  complex  for  a  complete  investigation.  The  theory 
of  the  stresses  will  be  discussed  later,  the  object  here  being  to 
consider  the  necessary  features  of  the  blade  sections  to  secure 
maximum  strength. 

In  the  case  of  the  bending  stresses  it  is  generally  assumed 
that  the  whole  of  the  blade  loading  due  to  aerodynamic  lift  acts 
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-Effect  of  Aerofoil  Efficiency  upon  Propulsive  Efficiency 
of  Blade  Element 


in  the  same  plane  along  the  blade,  and  that  this  plane  is  normal' 
to  the  flat  surface  of  the  blade  at  every  section.  With  this, 
assumption  the  strength  of  the  airscrew  blade  at  any  radius  is 
dependent  upon  the  value  of  the  section  modulus  at  that  radius, 
and  for  maximum  strength  this  should  be  as  high  as  possible. 

For  the  centrifugal  loading,  the  stress  at  any  point  varies 
inversely  as  the  area  of  the  airscrew  section. 

The  variation  of  the  aerodynamic  load  across  the  blade 
width  at  any  section  sets  up  stresses  of  a  complex  nature. 
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When  working  at  the  forward  speed  for  which  the  airscrew  is 
designed,  the  angle  of  incidence  of  the  blade  section  at  every 
radius  is  in  the  neighbourhood  of  o°,  and  with  this  condition 
experiment  shows  us  that  the  centre  of  pressure  of  the  section  is 
at  about  '5  of  the  chord  from  the  leading  edge.  When  working 
at  the  maximum  angle  of  incidence  the  position  of  this  centre  of 
pressure  is  at  about  '25  of  the  chord  from  the  leading  edge. 
This  shifting  of  the  position  of  the  centre  of  the  pressure  means 
that  at  some  condition  of  working  the  section  is  tending  to  twist 
about  an  axis  along  the  blade,  under  the  aerodynamic  loading. 
The  exact  nature  of  this  stress  is  not  known,  but  its  effect  is  to 
cause  airscrew  vibration  and  a  tendency  to  split  along  the 
trailing  portion  of  the  blade.  The  effect  is  minimised  by  keeping 
the  sections  thick  towards  the  trailing  edge,  at  the  expense  of 
aerofoil  efficiency. 

From  these  considerations  it  is  apparent  that  both  from  an 
aerodynamic  and  a  strength  point  of  view  the  typical  sections 
adopted  are  very  suitable  for  practical  airscrews,  and  in  practical 
design  examples  they  will  be  used  except  in  special  cases. 


CHAPTER    III. 

APPLICATION  OF  DESIGN  THEORY  TO  A  PARTICULAR 
EXAMPLE. 

AT  this  stage  it  is  possible,  by  the  work  of  the  preceding 
chapters,  to  proceed  with  the  analysis  of  an  airscrew  for  any 
particular  purpose.  The  special  requirements  of  an  aeroplane 
propeller  are 

(a)  To  secure  maximum  thrust  efficiency  at  a  designed 
speed,  and 

(^)  To  give  a  maximum  range  of  thrust  efficiency  over  the 
whole  speed  range  of  the  aeroplane. 

The  first  is  the  more  simple  proposition,  and  it  is  proposed  to 
first  consider  an  airscrew  for  this  requirement,  the  more  general 
problem  being  considered  later.  We  therefore  have  to  design  an 
airscrew  which  is  required  to  absorb  a  definite  horse-power  Q 
when  moving  forward  with  a  velocity  Va  ;  and  to  yield  a 
maximum  thrust  Tf  at  that  velocity.  In  the  case  of  the 
aeroplane  motor  we  may  consider  that  the  speed  of  the  motor 
fixes  n,  the  airscrew  revolutions.  It  is  impossible  from  these 
values  to  obtain  a  series  of  dimensions  that  would  completely 
fix  the  required  airscrew,  but  it  is  possible  to  assume  values  of 
certain  dimensions  and  then,  by  a  process  of  analysis,  to  de- 
termine the  suitability  of  these  for  the  purpose  required. 

It  is  first  necessary  to  assume  a  value  D  for  the  overall 
•diameter  and  the  number  of  propeller  blades  forming  the 
airscrew.  This  can  best  be  determined  as  a  result  of  experience  ; 
but  alternatively  can  be  obtained  by  a  series  of  trial  and  error 
•calculations  of  various  assumed  values. 

We  shall  assume  that  all  the  expressions  must  be  graphically 
integrated,  and  it  is  then  necessary  to  choose  the  radii  at  which 
the  blade-element  forces  are  considered.  It  is  convenient  to 
express  these  in  terms  of  the  overall  diameter  rather  than  in  actual 
units,  as  the  fractions  decided  upon  can  then  be  used  for  airscrews 
of  greatly  different  diameters.  The  following  radii  have  been, 
used  by  the  author  on  a  great  many  types  and  have  proved  quite 
.satisfactory  for  airscrews  up  to  13  ft.  diameter. 

RADII.     -075  D  ,  -15  D  ,  -225  D  ,  -3  D  ,  -375  D  ,  -45  D  >  '475  D- 
The  blade  widths  at  each  of  these  sections  can  be  expressed 
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in  terms  of  the  maximum  blade  width,  which  in  turn  can  be 
expressed  as  a  fraction  of  the  diameter.  The  variation  of  blade 
width  over  the  blade  can  be  decided  by  experience  and  from  a 
consideration  of  the  effect  upon  the  radial  flow  at  the  tip  and 
the  bending  stresses  at  the  inside  sections.  For  this  first 
example  we  may  assume  the  most  regular  form,  that  the  blade 
width  is  constant  throughout  the  effective  portion  of  the  blade. 
The  choice  of  the  blade  sections  requires  consideration  of  the 
possible  stresses  and  aerodynamic  efficiency.  The  approximate 
camber  can  be  chosen  at  each  of  the  elements  by  past  experience 
of  similar  airscrews,  and  then  modified  as  necessary  from  stress 
considerations  after  analysis,  it  being  remembered  that  for 
maximum  efficiency  the  sections  must  be  kept  as  thin  as  possible.. 
These  are  the  assumptions  necessary  before  proceeding  with 
the  analysis  of  airscrew  performance,  by  either  of  the  methods  of 
the  blade-element  theory. 

As  a  particular  example  to  illustrate  the  method  of  working 
we  may  consider  the  following  :  It  is  required  to  design  an 
airscrew  for  an  aeroplane  fitted  with  an  engine  giving  250  horse- 
power at  1 200  r.p.m.,  with  an  estimated  top  speed  of  no  m.p.hu 
Here  we  have 

Vj  =  TIO  m.p.h  =  161  ft. -sec. 

n    =  20  revs,  per  sec. 

Q   =  250  h.p. 

We  shall  assume  as  a  first  approximation  that  a  suitable 
airscrew  diameter  is  10',  as  a  result  of  a  comparison  with 
existing  types.  We  have  not  sufficient  data  to  include  the 
effect  of  inflow  velocity  in  the  analysis  and  we  shall  first  neglect 
this  and  use  the  results  obtained  by  the  elementary  blade- 
element  theory. 

P  _„    VV,  /..        V 


v      r  r  TT        1H  v   j. 

~~»  =    ~  v^  -IVv    "•        T>   I      V  T     T 

dr        g         y  sin  t)\  7 


tfT       p  VV,  /          V, 

_    r  /-«  v  I  I    -\T 


dr        g        ^y  cos  6  \  7 

(v-Z 

\  V 

T}e   =  tan 


Vi  +  — 
7 

At    low   altitudes   -  at   normal   temperature  and    pressu:e 

=  '002375  Ibs./cu.ft. 

We  shall  assume  sections  at  the  radii  decided  upon,  and  from 
previous  experience  adopt  the  sections  Nos.  I  to  6  shown  in 
Figs.  5  and  6  for  the  sections  from  -475  D/  to  -15,  D,  the 
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remaining  section  being  governed  by  the  running  out  of  the 
blade  into  the  boss  and  having  little  effect  upon  the  airscrew 
characteristics. 

From  the  considerations  of  aspect  ratio  discussed  in    the 
chapter  on  airscrew  sections  we  shall  assume  a  constant  blade 

width  of  —  at  all  of  these  radii.     The  blade  analysis  is  set  out 
12 

as  shown  in  Table  III.,  as  this  is  the  most  convenient  form  of 
tabulating  the  calculations,  the  units  throughout  being  ft.-lb.- 
second. 

As  the  airscrew  is  required  to  work  at  one  speed  at  its 
maximum  efficiency,  the  angle  of  incidence  $  at  each  radius  is 
the  angle  corresponding  to  the  maximum  lift/drift  of  the 
particular  section,  in  this  case  2|-°  throughout  the  blade.  The 
Blade  Angle  or  the  angle  between  the  chord  of  the  section 
and  the  plane  of  rotation  is  found  from  a  knowledge  of  8  and  i// 
during  the  analysis  for  each  section,  and  from  a  knowledge  of 
the  camber  of  each  section  and  of  the  angle  of  incidence  the 
values  of  the  lift  coefficient  and  the  lift/drift  are  obtained  from 
Table  II.  or  Figs.  7  and  8. 
The  values  of 


. 

-j      and  -T— 
dr  dr 

are  plotted  as  ordinates  with  the  section  radius  as  abscissae,  and 
it  is  here  advisable  to  note  that  it  is  more  convenient  to  plot  the 
section  radii  as  fractions  of  the  outside  radius  of  the  propeller 
than  in  absolute  units.  From  a  study  of  the  development  of 
the  expressions  for 


,      and  j — 
a  r  dr 

from  the  blade-element  theory,  it  is  obvious  that  if  foot  -Ib.-sec. 
units  are  used  throughout,  the  value  of  -~f  at  any  section  is  the 

M*    7** 

torque  power  in  ft.-lbs.  per  second,  absorbed  by  unit  length  of 
the  blade  at  the  radius  considered,  and  that  similarly  the  value 

j  *~p 

of  -j—  at  any  section  is  the  thrust  power  developed  by  a  unit 

length  of  the  blade  at  the  radius  considered. 

The  Torque  power  curve  and  the  Thrust  power  curve  are 
drawn  as  in  Fig.  1 1,  the  scales  adopted  in  practice  being 

i"  =  5000  units  :  Vertical. 

10"  =  —  Horizontal 
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and  the  areas  enclosed  by  the  curves  and  the  horizontal  axis  are 
measured  in  square  inches  by  the  planimeter  or  any  other 
convenient  method.  The  areas  of  the  curves  shown  in  Fig.  1 1 
when  drawn  to  these  scales  are 

Area  of  Torque  curve  =  30'8  sq.  ins. 
Area  of  Thrust  power  curve  =  26-1  sq.  ins. 


nrost" 
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FIG.  ii. — Thrust  and  Torque  Power  Curves  for  particular  Airscrew, 
neglecting  Inflow  Velocity. 

To  express  these  in  terms  of  horse-power  it  is  necessary  to 
consider  the  scales  used. 

Since  on  the  vertical  scale  i"  represents  5000  units,  and  on 
the  horizontal  scale  i"  represents  '05  D,  i  sq.  in.  represents 
250  D  units  of  work  [ft./lbs.  per  second].  Hence,  the  total 
power  absorbed  by  each  blade 

=  Area  of  Torque  curve  x  250  D  ft.-lbs.  sec. 

and  since  550  ft.  Ibs.  per  second  equal  i  horse-power,  and  in  this 
example  D  =  10  ft.,  we  have 
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Horse-power  absorbed  by  each  blade 

2150  D 
=  30-8  x  —  -  =  140  "-P- 

55° 

And  in  a  two-bladed  airscrew,  where  no  correction  factor  for 
interference  is  necessary  we  have 

Total  horse-power  absorbed  =  280  h.p. 

By  a  similar  reasoning  we  find  that  the  horse-power 
available  as  Thrust  power 

2C.O  D  , 

=  26'!  x  -^-   -  x  2  =  237  h.p. 

and  overall  efficiency  of  airscrew  =  847  per  cent. 

Hence,  as  an  aid  to  the  solution  of  the  problem  of  obtaining 
an  airscrew  to  absorb  efficiently  250  h.p.  at  1200  revolutions  per 
minute,  at  a  forward  speed  of  no  m.p.h.,  we  have  obtained  the 
facts  (subject  to  the  accuracy  of  the  blade-element  hypothesis) 
that  an  airscrew  of  known  dimensions  will  absorb  280  horse- 
power under  these  conditions. 

It  should  be  a  fairly  simple  matter  to  derive  the  required 
airscrew  dimensions  from  this  comparison.  Without  altering  the 
fundamental  form  of  the  airscrew  it  is  possible  to  vary  the  horse- 
power absorbed  by  (i)  slight  variation  of  the  diameter;  (2) 
variation  of  the  blade  width  throughout  the  airscrew. 

From  the   expression    for    -,-      we  can  see  that   the   power 

absorbed  by  the  element  varies  directly  as  the  blade  width,  and 
if  we  keep  the  scale-blade  width  at  each  section,  or  the  ratio 
between  the  blade  width  at  each  section  and  the  maximum 
blade  width,  the  same  we  can  vary  the  total  horse-power  as 
required  by  a  proportionate  variation  of  the  blade  width. 

In  the  example,  to  make  the  airscrew  previously  analysed 
suitable  for  the  desired  purpose,  it  will  be  necessary  to  reduce 
the  blade  width  at  all  sections  to 

£55  x  C  =  8-92" 
280  ^— 


Since  C  does  not  appear  in  the  expression  for  the  efficiency 
of  the  blade  element  it  is  possible  to  vary  the  maximum  blade 
width  without  affecting  the  overall  efficiency,  provided  of  course 
that  the  scale  blade  width  at  each  section  is  not  altered.  Hence, 
we  arrive  at  the  conclusion  that  a  suitable  propeller  would  be 
of  10'  diameter  with  a  constant  blade  width  of  8  '92",  and  with 
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sections  at  the  various  radii  as  assumed  in  the  previous  analysis. 
In  the  event  of  the  variation  of  blade  width  required  being  in 
excess  of  that  possible,  it  is  advisable  to  alter  the  diameter  and 
repeat  the  analysis  as  before  till  the  result  obtained  for  the  horse- 
power absorbed  is  within  about  10  per  cent,  of  the  required 
value. 

In    the  expression    for   the   power   absorbed    by   the  blade 
element. 


_  £  c  K  , 

7  \-s     -T^V         '  A  I     V  ]       T 

d  r        g         y  sin  0  \    ]       y 

if  the  propellers  are  similar,  we  may  consider  that  all  the  terms 

such  as  -  Ky  and  y  are  constants  at  similar  sections,  and  also 

g 
that  the  value  of  the  helix  angle  is  constant,  and  then  we  have 

V  =  2  TT  n  r  •=  «  D  x  constant 
Vj  =  V  tan  6  =  n  D  x  constant 

so  that  we  find  the  value  of  -7-^  at  any  section  oc  C2  x  V  x  V, 
and  since  C  <x  D  in  similar  airscrews  we  have 


dr 

Hence,  we  may  assume  to  a  fair  degree  of  accuracy  that  the 
total  power  absorbed  by  similar  airscrews  a  «3  D5  and  if  we  have 
analysed  a  propeller  of  a  suitable  type  for  a  desired  pupose,  the 
variation  in  power  absorbed  can  be  regulated  by  a  slight 
variation  in  diameter.  This  is  a  brief  outline  of  the  method  of 
using  the  blade-element  theory  to  design  a  particular  airscrew, 
for  a  particular  working  condition,  but  the  more  general  case 
will  require  a  much  more  complete  investigation. 

Having  settled  upon  the  approximate  dimensions  of  the 
airscrew  and  completed  the  analysis  neglecting  the  effect  of 
inflow  velocity,  we  may  now  analyse  this  propeller  including  this 
effect. 

The  airscrew  is  of  10'  diameter  and  of  constant  blade 
width  =  10".  The  sections  at  the  radii  considered  are  known 
and  the  blade  angles  at  these  sections.  It  is  convenient  to 
include  these  values  of  the  blade  angle  in  a  chief  dimension  of 
the  airscrew.  At  any  section  of  radius  r  if  the  blade  angle  is  A 
the  chord  line  lies  on  a  helix  of  pitch  =  2  TT  r  tan  A.  This 
is  called  the  face  pitch  of  the  section,  and  the  mean  of  this 
value  over  the  effective  portion  of  the  blade  is  known  as  the 
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Mean  Face  Pitch.  The  value  of  this  mean  face  pitch  can 
easily  be  measured  from  the  finished  airscrew,  and  is  the  term 
usually  referred  to  as  the  pitch  of  a  propeller.  It  forms  a  very 
suitable  dimension  in  connection  with  the  airscrew  diameter  for 
comparing  the  suitability  of  various  airscrews  for  particular 
flight  conditions. 

It  is  now  necessary  to  determine  the  value  of  the  inflow 
velocity  at  the  various  sections.  We  have  already  assumed  as 
the  result  of  experiment  that  the  inflow  velocity  bears  a 
constant  ratio  to  the  added  slip  stream  velocity  (v)  at  all 
points  of  the  blade,  and  hence  we  must  obtain  values  for  v  at  the 
various  radii.  We  have  already  shown  in  introductory  to  the 
theory  that  the  slip-stream  velocity  is  constant  and  equal  to  the 
forward  velocity  of  the  airscrew  at  '  no  thrust,'  if  the  revolutions 
are  kept  constant. 

It  is  found  that  the  velocity  is  not  uniform  throughout  the 
slip  stream,  and  it  will  therefore  be  necessary  to  consider  the 
value  of  v  at  the  various  sections  considered. 

Any  section  is  working  under  the  condition  of  '  no  thrust ' 
when 

Lf  cos  0  -  Df  sin  0  =  o 
or  tan  6  =  y 

and  this  is  generally  assumed  with  sufficient  accuracy  as  when 
8  is  such  that  the  angle  of  incidence  corresponds  to  the  '  zero 
lift '  of  the  aerofoil  section.  This  value  of  the  angle  of  incidence 
can  be  obtained  from  the  characteristic  curves  of  the  aerofoil 
sections,  and  if  A  =  Blade  angle  and  i/<0  =  the  negative  value  of 
the  angle  of  incidence 

The  Forward  speed  at  no  thrust  =  2  TT  n  r  tan  (A  +  ^0) 

=  V,  +  v 

The  mean  value  throughout  the  blade  of 

-  =  Experimental  mean  pitch. 

Having  found  the  value  of  v  at  the  various  sections,  it  is 
possible  to  form  an  unlimited  number  of  theories  by  assuming 
the  inflow  velocity  as  different  fractions  of  v,  but  as  experiments 
have  always  shown  vi  the  inflow  velocity  to  be  one-half  of  the 
added  velocity,,  we  shall  analyse  this  airscrew  under  that 
assumption. 

Hence  the  value  of  the  relative  translational  velocity  of  the 
air  to  the  propeller  can  be  calculated  as  in  the  following  table  : — 


4o 
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Section 
radius 

Blade 
angle 
A. 

Negative 
value  of 
No  lift  angle 

^0 

A  +  i//0 

tan(A  +  ^0) 

2  irnr 
x  tan  (A  +  i//0) 

=  Y!  +  » 

V 

v1+- 

'95 

17°  32' 

4°o' 

21°  32' 

•3946 

236 

198 

'9 

1  8°  1  8' 

5°  I2' 

23°  30' 

•4348 

246 

204 

75 

21°    15' 

6°o' 

27°  J5' 

'5*50 

243 

2OI 

•6 

25°   29' 

7°o' 

32°  29' 

•6371 

240 

2OO 

'45 

32°  o' 

8°o' 

40°  o' 

•8391 

237 

I99 

'3 

42°  48' 

8°o' 

50°  48' 

i  "2261 

231 

I9S 

Mean  value  of  Vj  +  z»  over  effective  portion  =  239  ft.  sec. 


Experimental  mean  pitch   =  ^ 


=  11-95 


It  is  found  that  the  value  of  the  mean  experimental  pitch 
thus  calculated  does  not  always  agree  closely  with  that  found  by 
experiment,  this  discrepancy  being  probably  due  to  the  fact  that 
the  '  no  lift  '  angles  of  the  sections  vary  considerably  for  slight 
variations  in  contour,  and  cannot  therefore  be  estimated  to  a 
great  degree  of  accuracy. 

Having  obtained  the  value  of  the  inflow  velocity  at  each  of 
the  sections,  we  can  now  proceed  with  the  calculation  of 


7- 

a  r 


from  the  expressions 


dr 


dr 


7?e     =  tan  0 


V     '         2          yj 

the  calculation  being  arranged  in  tabular  form,  as  shown  on   the 
following  page. 

The  curves  of  Torque  power  absorbed   and  Thrust   power 
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developed  are  shown  in  Fig.  12,  and  the  areas  enclosed  by  these 
curves  when  drawn  to  the  same  scales  as  before  are, 

Area  of  Torque  power  curve  =  20*0  sq.  ins. 

Area  of  Thrust  power  curve   =  13*01  sq.  ins. 
From  which  the  following  results  are  obtained  : — 

Torque  power  absorbed  at  1200  r.p.m.  =  182  h.p. 
Thrust  power  developed  =  118  h.p. 

Overall  efficiency  =    65  per  cent. 


5.00  O 


FIG.  12. — Thrust  and  Torque  Power  Curves  for  particular  Airscrew, 
including  Inflow  Velocity. 

A  comparison  between  the  results  obtained  by  the  two  theories 
show  that  the  characteristics  differ  by  an  alarming  amount. 
From  the  theory  neglecting  inflow  we  have  : — 

Horse-power  absorbed  =  280 
Efficiency  —    847  per  cent. 

A  difference  of  100  horse-power  in  the  power  absorbed,  and  of 
20  per  cent,  in  overall  efficiency. 


I 

I 

c 

M 

bfl 

= 


u 
in 


a, 
rt 


O. 

S 
o 


^     o 

O      vO 

M          « 


H    ^ 

O 
VO 

VO 

8 

PI 

| 

00~ 

a 

IO 

O 
CO 

0 

pT 

* 

vp 

CO 

VO 

0 

0 
vp3 

o 

VO 

VO 

1 

R  1  P) 

+       ?. 

> 

00 
vo 

O 

% 

'O 

CO 

vO 

P4 

00 
VO 

HH 

°1^ 

8 

VO 

O 
O 

cT 

00~ 

8 

1 

VO 

CO 

co 

o 

CO 
CO 

00 

CO 
CO 

00 

co 

CO 
00 

CO 
CO 

00 

CO 
CO 

00 

co 
co 

ou 

R     PI 

Jj- 

P4 

CO 

p 

CO 

p 

00 

C1 

W- 

- 

1" 

co 

HH 

p 

VO 

CO 

VO 

ON 

* 

% 

CO 

00 

8 

^ 

o 

• 

'<*> 

CO 

p 

o 

o 

o 

o 

O 
VO 

8 

So 

»o 

"co 

CO 

- 

vo 

°co 

°CO 

•3JJ  . 

et    tJ3<* 
5  § 

CO 

bo 

00 

fl 

CO 
°»O 

CO 

00 

Tt- 

CD* 

.e 

'in 

o 

CO 

vO 
CO 

vO 
ON 

00 
vO 

VO 

CO 

* 

00 

hH 

vo 

CO 
N 

VO 

CO 

vO 

•*• 

I 

CO 

CO 

vO 
CO 

O 

0 
CO 
VO 

O 
O 

VO 

CO 

O 

Rl  P) 

I 

o" 

0 

8 

i 

VO 

> 

10 

vO 

HH 

CO 

00 

>0 

00 

00 

•snip^j 
uoipag 

8 

ON 

1C 

VO 

vo 

CO 

a 

I 


0)  ^H 

s  ^ 


cx 
J3 


<u 

o 

a, 


s. 


6 


APPLICATION  OF  DESIGN  THEORY  43 

If  this  propeller  were  tested  under  normal  flight  conditions 
we  should  probably  find  that  it  would  require  about  260  horse- 
power to  turn  at  1200  r.p.m.  at  a  forward  speed  of  no  m.p.h., 
and  would  yield  a  thrust  efficiency  of  So  per  cent. 

Under  these  conditions  the  most  accurate  prediction  of 
results  would  come  from  neglecting  inflow  velocity,  but  in  order 
to  decide  definitely  which  theory  to  adopt  it  is  necessary  to 
consider  the  most  general  case  and  results  arrived  at  for  a  large 
number  of  airscrews. 


CHAPTER   IV. 

THE  CHARACTERISTIC  CURVES  OF  AIRSCREWS. 

The  General  Case  of  Airscrew  Analysis. — We  have  con- 
sidered, as  an  example  illustrating  the  method  of  using 
theoretical  results,  the  case  of  an  airscrew  required  to  work 
efficiently  under  one  condition  of  flight  only.  This  type  of 
airscrew  is  rarely  required  in  practice  as  a  consequence  of  the 
nature  of  dynamic  flight.  The  chief  requirements  of  an 
aeroplane  are,  a  high  maximum  speed  flying  level,  a  fairly  low 
landing  speed  and  the  best  possible  rate  of  climb  at  an 
intermediate  speed.  In  special  types  it  may  be  advisable  to 
sacrifice  one  or  more  of  these  conditions  to  obtain  an  increased 
performance  in  one  direction,  but  from  a  point  of  view  of  pro- 
peller design  maximum  efficiency  over  a  range  of  possible  flying 
conditions  is  the  most  important  consideration. 

The  problem  is  of  a  very  complex  nature  and  methods  used 
are  much  more  the  result  of  experience  than  of  any  mathematical 
reasoning,  but  it  is  possible  to  combine  the  results  of  ex- 
perience with  a  mathematical  process  to  be  able  to  predict 
accurately  the  performance  of  a  particular  airscrew  over  a  range 
of  working  conditions. 

In  the  case  of  the  same  airscrew  working  at  different  values 
of  forward  velocity  V:  the  whole  family  of  variables  governing 
the  blade-element  theory  of  design  may  be  altered  at  each 
change  of  Vl  and  hence,  the  process  of  selecting  a  suitable 
design  of  propeller  is  largely  one  of  trial  and  error. 

At  the  same  time,  if  we  can  evolve  a  series  of  typical  families, 
of  propellers,  of  which  the  characteristics  of  each  member  of  a 
family  can  be  expressed  in  terms  of  a  main  dimension,  it  is 
possible  to  choose  from  the  various  types  one  suitable  for  the 
desired  conditions  by  a  knowledge  of  the  characteristic  curves. 

Before  proceeding  further  it  is  necessary  to  be  able  to 
consider  possible  methods  of  comparing  similar  members  of  one 
particular  type  family. 

In  the  case  of  geometrically  similar  propellers  the 
following  relations  hold: 

(a)  The  blade  angle  at  any  particular  section  is  the  same  for 
all  geometrically  similar  airscrews. 
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(b)  The  scale  blade  width  at  every  section  is  the  same  for  all 
such  airscrews. 

(c)  All  linear  dimensions  such  as  diameter,  maximum  blade 
width,  &c.,  bear  a  fixed  relation  to  each  other. 

(d)  The  shape  and  camber  of  the  sections  are  similar. 
Hence,  referring  to  the  expressions  obtained  for  any  blade 

element 


Ky^l    V1  +  - 
y  sin  6  \    J        y 


-  =  -  C  K 
d  r        g         y  cos  0 


=  tan 


for  Ky  and  7  to  be  the  same  at  similar  sections  of  similar 
airscrews,  assuming  that  scale  effect  can  be  neglected  it  is 
sufficient  for  the  angle  of  incidence  i//  to  be  the  same,  and  since 
A  -  i//  =  6  it  is  necessary  that  the  effective  helix  angle  should 
be  the  same  at  similar  sections.  At  any  section 


and    since    the  section    radius    is    proportional    to    the   outside 
diameters  in  the  case  of  similar  sections  of  similar  airscrews,  for 
0  to  be  the  same  in  each  case  it  is  necessary  and  sufficient  that 
V 

—  p:  has  the  same  value  in  each  airscrew. 
n  D 

V 

The  value  of  —  ^at  any  particular  condition  of  working  is 

called  the  Effective  Pitch/Diameter  ratio,  and  we  have 
shown  that  with  two  similar  airscrews  working  so  that  for  each 
airscrew,  the  Effective  Pitch/Diameter  ratio  is  the  same,  then 
the  aerofoil  characteristic  constants  are  the  same  at  all 
corresponding  sections. 

With  this  condition  satisfied,  for  the  corresponding  blade 
'elements  in  geometrically  similar  airscrews,  we  have 

P  .  . 

-  =  Constant  for  similar  atmospheric  conditions. 

o 

Ky  and  y  constant  as  0  is  the  same  for  all  airscrews, 
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and          C  =  *!  D 

V  =  2  TT  «  r  =  k.2  n  D 

V1  =  V  tan  6)  =  /£3  «  D 
where      ^  £2  /£3,  &c.,  are  constants. 
And  then 


-      x  *.D  x  Ky  x  «D  + 

dr       g  sin  0       [  3  y 


Similarly  we  obtain 


and  rje  =  Constant,  that  is  that  for  similar  airscrews  working  at 
the    same    effective    pitch/diameter    ratio,    the    efficiencies    of 
corresponding  blade  elements  are  the  same. 
Since  the  total  horse-power  absorbed 
D  D 

QXT        /    2      d    O         7  XT        /    2         7  0     f~.l         7 

=  N  /      -->  d  r  =  N  /     k,  n3  D4  d  r 
J      dr  J 

o  o 

and  r  is  a.  linear  function  of  D  the  diameter,  we  have 

Q  oc  nz  D5 
similarly  T  ex  ns  D5 

Hence  in  similar  airscrews  working  at  the  same  value  of  effective 
pitch/diameter  ratio, 

The    Torque  power  absorbed  <x  «3  D5 
The  Thrust  power  developed  oc  «3  D5 

and  the  overall  efficiency  is  independent  of  blade  dimensions. 
These  results  have  been  obtained  neglecting  the  effect  of  inflow 
velocity,  but  if  we  assume  that  the  inflow  velocity  is  proportional 
to  the  translational  velocity,  so  that  vl  =  k&  Vx  for  corresponding 
sections,  then  the  above  results  will  be  found  to  hold. 

In  any  case,  with  our  present  lack  of  accurate  knowledge 
concerning  the  inflow  velocity,  experimental  results  are  prefer- 
able to  those  deduced  from  an  assumption  which  may  prove 
inaccurate,  and  these  tend  to  support  the  conclusions  already 
arrived  at. 

With  these  results  it  is  now  possible,  from  a  knowledge  of 
the  characteristics  of  any  type  of  airscrew,  to  obtain  the 
characteristics  of  a  similar  airscrew  working  under  the  same 
condition  of  effective  pitch/diameter  ratio,  but  of  different 
dimensions  and  speed  of  rotation. 
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It  is  now  possible  to  compare  experimental  results  with 
model  propellers  with  the  calculated  values  for  the  full-size 
airscrews,  and  to  determine  which  theory  is  most  accurate  for 
design  purposes,  and  also  if  possible  to  obtain  a  modification  of 
either  theory  which  will  enable  us  to  make  accurate  prediction 
of  the  performance  of  any  airscrew. 

Characteristic  Curves  of  Airscrews.  —  The  most  convenient 
method  of  comparing  airscrew  types  is  by  the  use  of  curves, 
from  which  the  most  important  characteristics  can  be  read  off 
for  any  flight  condition,  and  these  characteristic  curves  can  take 
various  forms. 

The  most  important  characteristics  of  an  airscrew 
for  any  flight  condition  are, 

The  Torque  power  absorbed    =  Q_ 


The  Torque  power  coefficient  =  Qc  = 

The  Overall  efficiency  =  v 

The  Thrust  power  developed    =  T   =  Q  x 

T 

The  Thrust  power  coefficient   =  Tc  =  ~FT5 


The  Thrust  developed 


=  T  x  550 
V, 


From  a  knowledge  of  two  of  these  it  is  usually  possible  to  derive 
the  remainder,  knowing  the  airscrew  dimensions. 

In  comparing  airscrews  for  a  similar  machine  it  is  often  more 
convenient  to  consider  the  values  of  the  characteristics  Q  and  T 
rather  than  the  coefficients  Tc  and  Qc,  which  are,  however,  most 
useful  for  a  comparison  of  airscrew  types.  For  similar  airscrews 
the  essential  of  similarity  of  working  conditions  is  that  the 
comparisons  are  for  the  same  effective  pitch/diameter  ratio,  and 
in  plotting  characteristic  curves  it  is  usual  to  plot  the  character- 
istics as  ordinates  with  a  function  of  the  pitch/diameter  ratio  as. 
abscissae. 

The  most  general  method  adopted  is  to  plot  the  Torque 
power  coefficient,  and  the  airscrew  efficiency  against  the  effective 

pitch/diameter  ratio,  — ^  and  to  illustrate  its  utility  such  a 
diagram  is  shown  in  Fig  1 3  for  three  typical  airscrews,  E,  F,  G. 
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The  unit  taken  for  the  Torque  power  coefficient  is 

Torque  horse-power  x  io12 
Qci  =      (R.P.M.)3  x  (Diam.  ft.)5 
From  these  curves  the  most  efficient  type  of  propeller  at  any.-^ 

V,  'f}EJ' 

value  of  — ^   can  be  selected,  and  also,  if  the  engine  revolutions 

.be  fixed,  the  suitable  diameter,  and  from  the  value  of  —p.  the 

n  U 


5        =4        O        ^         ^7       ^8       '9         I'O       l-l 


.     . 

FIG.  13 — Efficiencies  and  Torque  Power  Coefficients  of  typical  Airscrews 


E.F.G.  plotted  against 


Effective  Pitch 
Diameter 


Ratio. 


>» 

particular  forward  speed.  By  a  process  of  trial  and  error  it  is 
possible  to  reverse  this  process,  and  to  determine  from  a 
knowledge  of  the  brake  horse-power  of  the  engine  at  various 
speeds,  the  propeller  revs,  and  efficiency  at  various  translational 
speeds  of  the  aeroplane. 
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As  an  example  of  the  use  of  these  characteristic  curves,  we 
may  assume  that  an  airscrew  is  to  be  fitted  in  an  aeroplane  with 
an  engine  giving  200  h.p,  at  1200  r.p.m.  From  the  curves,  the 
following  particulars  relating  to  the  points  of  maximum  efficiency 
can  be  read  off: — 


Airscrew 

Maximum 
efficiency  r] 

Corresponding 

value  of  —  i- 
n  D 

Corresponding 
value  of  Qcl 

E 

75% 

"4 

•91 

F 

80% 

•67 

'9 

G 

82% 

'9 

1-63 

For  these  airscrews  to  absorb  the  normal  engine  b.h.p.  at 

V 
normal    engine   r.p.m.    at    the   value   of*  — ^   corresponding  to 

maximum  efficiency,  at  this  value  of  — ^  , 
J  «D 

B.H.P  -  QC«3D5 
or  in  the  particular  case 

200  =  QC1  x  (i2oo)3  x  D5  x  io~12 

and  from  the  values  of  QC1  read  off  the  curves  the  required 
diameters  of  the  airscrews  are 

E  =  10-5' ,  F  =  10-52',  and  G  =  9-34' 

and  with  these  values  of  the  diameter  and  engine  particulars  the 
speeds  of  the  aeroplanes  in  which  the  airscrews  would  work  at 
maximum  efficiency  are 

E,  Speed  =  Vl  =  n  D  x  -4   =20x10-5    x  -4   =    84  ft./sec.  or    57  m.p.h. 

F,  Speed  =  Vx  =  n  D  x  -67  =  20  x  10^52  x  -67  =  140  ft./sec.  or    95  m.p.h. 
•G,  Speed  =  Vx  =  n  D  x  -9    =  20  x    9-34  x -9     =  168  ft./sec.  or  114  m.p.h. 

So  from  a  knowledge  of  these  characteristic  curves  for  various 
types  of  airscrews  it  is  possible  to  deduce  the  suitability  of  each 
type  for  a  particular  machine.  The  utility  of  these  curves  does 
not  end  with  this  process  of  selection,  as  from  a  knowledge  of  the 
curves  for  different  types  and  a  comparison  of  the  leading 
dimensions  of  these  types,  it  is  possible  to  derive  a  new  type  for 
each  particular  machine  requirements,  and  these  types  of 
characteristic  curves  will  be  reconsidered  later  in  conjunction 
with  this  comparison. 


50  A  TREATISE  ON  AIRSCREWS 

Airscrew  Characteristics  in  Relation  to  the  Slip  Ratio.  — 

V 

In  addition  to  plotting  characteristic  curves  with  —  =*  as  abscissae, 

n  D 

for  the  purpose  of  experimental  research,  the  value  of  the  slip 
ratio  has  been  used. 

By  definition  the  Slip  Ratio  at  any  forward  velocity  \ 

Absolute  slip  stream  velocity  -  Vj 

Absolute  slip  stream  velocity 
(V,  +  P)  -  VT 

Vj  +  v 

_  n  P0  -  Vt  _  n  P0  -  n  Pe 
n  Po  n  P0 

PO    ~    Pe 


where    P0   and    Pe   are   the   experimental   mean    pitch  and  the 
effective  pitch  respectively.     Also  since, 


s  = 


n  P.  -  Vt  _  :  _    V, 


n     Pn  ft    P, 


and  P0  is  a  constant  for  each  propeller,  and  in  similar  propellers 
varies  as  D,  the  curves  are  similar  to  those  previously  obtained 
with  the  values  of  the  abscissas  of  opposite  sign.  These  curves 
are  not  used  to  any  extent  except  in  the  early  wind-tunnel 
experiments,  the  characteristic  curves  of  propellers  E,  F,  G  being 
shown  in  Fig.  14  when  drawn  in  this  manner. 

There  are  other  forms  of  characteristic  curves,  drawn  chiefly 
for  special  types  of  propeller  requirements,  but  for  purposes  of 
general  comparison  the  type  previously  dealt  with  is  always  used. 

Experimental  Verification. — The  types  of  suitable  charac- 
teristic curves  have  been  deduced  upon  the  assumption  from  the 
derived  results  of  the  blade-element  theory  in  its  most  general 
form,  and  before  using  them  it  is  necessary  to  test  their  accuracy 
by  experimental  verification. 

If  experiment  tends  to  show  that  the  form  of  these  curves  is 
correct  then  it  is  possible  by  further  experiment  to  consider  the 
accuracy  of  the  blade-element  theory. 

Experimental  Methods. — There  are  at  present  only  four 
methods  of  conducting  experiments  on  airscrews,  two  being 
used  with  models  and  the  others  upon  full-sized  screws. 

Wind-tunnel  Experiments. — The  most  general  form  of 
experiment  now  employed  is  the  complete  investigation  of 
model  airscrews  in  the  wind  tunnel.  This  method  of  investiga- 
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tion  has  been  used  for  some  years,  but  until  recently  the  small 
wind  tunnels  available  were  not  sufficient  to  establish  reliable 
information.  Recently,  however,  with  wind  tunnels  of  7  ft. 
diameter,  wherein  the  wind  speed  is  as  high  as  70  ft.  per 
second,  results  have  been  obtained  to  a  very  high  degree  of 
accuracy.  These  experiments  have  been  carried  out  by  the 
National  Physical  Laboratory,  Eiffel,  and  more  recently  by 
Durand  in  America  The  model  propellers  are  generally  of  3  ft. 
diameter  and  are  similar  to  actual  airscrews  used  on  full-size 
aeroplanes. 


FIG.  14. — Efficiencies  and  Torque  Power  Coefficients  of  Typical 
Airscrews  E,  F,  G  plotted  against  the  Slip  Ratio. 

The  airscrew  is  mounted  on  a  shaft  which  is  parallel  to  the 
length  of  the  wind  tunnel  and  which  is  connected  to  the  airscrew 
balance.  The  airscrew  balance  is  fitted  outside  the  tunnel  and 
carries  two  arms  mounted  normal  to  and  along  the  length  of  the 
wind  tunnel  respectively  so  that  the  first  measures  the  torque 
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and  the  second  the  thrust  of  the  model  airscrew.  In  conducting 
the  investigations  the  airscrew  is  rotated  at  a  constant  speed  by 
a  belt  drive  from  an  electric  motor  outside  the  tunnel,  the  speed 
of  rotation  being  measured  by  an  electric  frequency  meter  and  a 
commutator  fixed  to  the  airscrew  shaft.  The  airspeed  through 
the  tumvel  is  varied  from  o  to  about  70  ft.  per  second,  and 
simultaneous  readings  of  the  torque  force  in  Ibs.  ft.  and  the 
thrust  in  Ibs.  are  taken  at  various  speeds  so  that  the  character- 
istic curves  can  be  constructed.  The  most  complete  investigation 
of  airscrews  in  the  wind  tunnel  has  been  carried  out  by  M.  Durand 
in  America,  forty-eight  types  being  investigated.  A  complete 
report  of  these  investigations  is  given  in  Report  No.  14  to  the 
American  Advisory  Committee  on  Aeronautics,  and  for  a  more 
complete  description  of  the  methods  used  the  reader  is  referred 
to  this  report  and  the  various  Reports  to  the  Advisory  Com- 
mittee on  Aeronautics  dealing  with  airscrew  research. 

The  other  method  of  model  experiment  is  carried  out  upon 
the  whirling  arm,  the  advantage  being  that  higher  air  speeds  can 
be  obtained,  but  owing  to  the  amount  of  experimental  manipu- 
lation required  the  results  obtained  are  of  doubtful  accuracy, 
and  this  form  of  experiment  is  not  used  to  any  great  extent  at 
the  present  time. 

The  Whirling  Arm  is  also  used  for  the  investigation  of  full- 
size  airscrews,  at  the  Royal  Aircraft  establishment,  Farnborough, 
and  at  Barrow.  The  airscrew  is  mounted  upon  a  horizontal 
arm  which  can  revolve  about  a  vertical  axis,  at  a  speed  corre- 
sponding to  the  translational  speed  for  which  the  airscrew  is 
designed.  At  the  same  time  the  airscrew  is  rotated  in  a  vertical 
plane,  by  an  electric  motor  fixed  to  the  horizontal  arm,  at  its 
designed  speed  of  revolution. 

The  horse-power  absorbed  by  the  airscrew  is  measured  by 
the  motor  output,  and  the  thrust  by  the  reaction  on  the 
horizontal  arm.  The  results  obtained  however  are  unreliable,  as 
it  is  difficult  to  maintain  a  uniform  speed  of  rotation  of  the 
horizontal  arm  carrying  the  airscrew,  and  any  disturbance  of 
the  air  by  wind  gusts  causes  very  uneven  torque  and  thrust 
reaction. 

Full-scale  Experiments  are  also  carried  out  by  the  R.A.E., 
in  which  the  airscrews  are  fitted  to  full-size  machines  of  a 
standard  type,  on  the  engine  shaft  being  fitted  dynamometers 
for  registering  the  airscrew  thrust,  and  torque  reaction  meters 
measuring  the  torque  developed  by  the  engine,  at  various  forward 
speeds  of  the  machine.  From  these  readings  complete 


CHARACTERISTIC  CURVES  53 

characteristic  curves  of  the  airscrew  can  be  constructed  for 
actual  working  conditions. 

By  comparing  the  characteristic  curves  obtained  by  model 
and  full-size  experiment  respectively  it  is  possible  to  determine 
the  accuracy  of  our  assumptions  for  similar  airscrews.  It  is 
found  that  these  curves  are  the  same,  within  certain  limits,  when 
obtained  for  3  ft.  airscrews  as  for  10  ft.  airscrews,  and  this  tends 
to  show  that  the  foundation  of  the  blade-element  theory  is  quite 
correct.  At  the  same  time  the  curves  are  somewhat  different,  it 
being  found  that  higher  values  of  efficiency  are  obtained  with 
the  full-size  propeller  than  with  the  model,  but  as  the  aero- 
dynamic efficiency  of  an  aerofoil  section  increases  with  the  value 
of  v  I  this  is  as  expected,  and  the  torque  power  coefficient  curves 
are  almost  identical.  In  the  case  of  airscrews  designed  for  a 
particular  machine,  it  is  possible  to  construct  the  torque  power 
characteristic  curve  from  a  knowledge  of  the  engine-power  curve 
and  the  airscrew  revolutions  at  different  speeds  of  the  aeroplane. 
Also  from  knowledge  of  the  curves  of  resistance  of  the  aero- 
plane and  the  rate  of  climb  at  different  speeds  it  is  possible  to 
obtain  the  efficiency  curve  of  the  propeller.  The  values  of 
the  efficiencies  thus  obtained  are  not  absolute,  being  based  upon 
assumptions  as  to  resistance  coefficients,  &c.,  but  as  comparative 
values  they  are  very  useful  for  determining  the  relative 
efficiencies  of  airscrew  types. 

Having  discussed  the  methods  of  obtaining  the  actual 
characteristic  curves  of  airscrews  by  experiment,  it  is  possible  by 
comparing  the  calculated  values  with  actual  values  to  determine 
the  comparative  accuracy  of  the  theory  employed  for  a  large 
number  of  airscrews  and  to  obtain  if  possible  a  theory  that  will 
give  uniform  results  for  all  airscrew  types  within  the  limits  of 
constructional  accuracy.  To  show  the  type  of  difference  in 
experiment  and  theory  we  will  consider  the  case  of  one  particular 
airscrew. 

The  Construction  of  Airscrew  Characteristic  Curves  by 
Use  of  the  Blade-Element  Theory. — We  have  discussed  two 
forms  of  the  blade-element  theory,  the  first  in  which  the  inflow 
velocity  is  neglected  and  the  second  in  which  the  inflow  velocity 
is  considered  as  affecting  the  air  flow  around  the  airscrew.  We 
have  shown  that  the  second  theory  may  consist  of  an  infinite 
number  of  independent  theories  by  varying  the  assumption  as  to 
the  proportion  of  the  total  added  velocity  which  appears  as 
inflow  velocity,  but  as  the  typical  application  of  the  theory  have 
assumed  that  the  inflow  velocity  is  one-half  of  the  total  added 
velocity,  an  assumption  justified  by  experiment.  The  charac- 
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teristic  curves  for  a  particular  airscrew  will  be  obtained  by  both 
of  these  theories  and  compared  with  the  actual  results  obtained 
by  experiment. 

The  airscrew  chosen  is  of  the  following  dimensions : 

Two-bladed  : 

Overall  diameter  =  10' 

Blade  width  =  10"  throughout  the  effective  portion  of  the  blade. 

The  face  pitch  is  uniform  throughout  the  airscrew  blade  and 
equal  to  8'  so  that  the  blade  angle  A  at  any  radius  is  given  by  the 
relation 

2  TT  r  tan  A  =  PF  =  8' 

As  before  the  sections  are  considered  at '15,  '30,  '45,  '6, 
75  >  *9'i  a°d  '95  of  the  tip  radius,  and  the  airscrew  sections  at 
these  radii  are  similar  to  the  types  shown  in  Chapter  II.,  the 
camber  increasing  from  the  tip  to  the  boss.  The  full  range  of 
useful  working  conditions  of  this  airscrew  is  such  that  the 
effective  pitch  can  vary  from  o  when  the  aeroplane  is  stationary 
to  the  value  of  the  experimental  mean  pitch  of  the  airscrew  when 
it  is  giving  no  thrust. 

The  value  of  the  experimental  mean  pitch  of  the  airscrew 
can  be  calculated  from  the  dimensions  given,  as  shown  in  the 
preceding  chapter,  and  in  this  case  is  10*4  ft.  Since  the  airscrew 
diameter  is  10  ft.,  we  have  the  range  of  possible  values  of 

-4^  from  o  to  TO4.  At  each  of  these  values  the  efficiency  will 
n  D 

be  zero,  and  beyond  the  maximum  value  the  airscrew  will  give 
a  negative  thrust. 

The  airscrew  characteristics  are  obtained  at  the  following 

y 
values  of  — ^  ,  "2 ,  '4 ,  '6 ,  '8  and   I  -o  by  both  theories,  and  for 

the  purpose  of  showing  the  quantitative  effect  of  the  variation  of 
working  condition  at  each  of  the  sections  considered  the  results 
are  worked  out  in  detail,  necessary  calculations  being  carried  out 
by  slide  rule,  and  the  area  of  the  curves  being  measured  by  a 
planimeter,  the  scales  used  throughout  being 

i"  =  5000  units, 
i"  =  "5  ft- 

In  obtaining  the  characteristics  when  including  the  effect  of 
inflow  velocity  it  has  been  assumed  that  the  inflow  velocity  over 
the  airscrew  is  constant,  as  this  is  sufficiently  accurate  for  our 
purpose.  The  value  of  the  slip  stream  velocity  relative  to  the 
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FIG.  15. —  Efficiency  and  Torque  Horse  Power  absorbed  by  Typical 
Airscrew,  as  calculated  from  Blade  Element  Theories. 


FIG.  16. — Efficiency  and  Torque  Horse  Power  absorbed  by  Typical  Air- 
screw  as  obtained  by  Experiment  and  by  Practical  Design  Theory. 
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airscrew  is  then  equal  to  n  x  E.M.P.,  and  as  we  are  considering 

the  airscrew  to  be  revolving  at  1200  r.p.m.  this  =  208   ft.    per 

y 
second,  and  for  any  value  of— i  the  value  of  the  inflow  velocity 

throughout  the  blade  is  equal  to  - 

The  results  obtained  by  the  two  theories  are  compared  by 
means  of  the  characteristic  curves  drawn  in  Fig.  15,  showing  the 
airscrew  efficiency  and  the  torque  horse-power  absorbed  by  the 
airscrew  under  varying  flight  conditions.  It  will  be  noticed  that 
the  results  obtained  by  including  the  effect  of  inflow  velocity 
are  very  different  to  those  obtained  by  the  blade-element  theory 
in  its  most  simple  form. 

1*1  The  results  which  might  be  expected  from  such  an  airscrew 
under  actual  flight  conditions  are  shown  in  the  characteristic 
curves  drawn  in  Fig.  16.  These  results  would  represent  the 
characteristics  of  the  airscrew  when  tested  under  normal  con- 
ditions of  atmospheric  surroundings  and  without  interference 
from  adjacent  bodies.  The  curves  obtained  in  practice  agree 
more  closely  with  those  calculated  from  the  blade-element 
theory  neglecting  inflow  velocity,  especially  in  the  case  of  the 
torque  power  absorbed,  and  the  difference  in  the  efficiency 

V 

curves  for  the  higher  values  of  —p.  may  be  accounted  for  by 

nl)        y  * 

the  losses  due  to  radial  flow  at  the  blade  tips.  As  a  result  of  a 
comparison  of  the  calculated  and  experimentally  determined 
characteristics  for  a  very  large  number  of  airscrews  desfgned  for 
particular  types  of  aeroplanes,  the  author  considers  that  the 
following  assumptions  give  a  complete  design  theory  of  sufficient 
accuracy  for  all  practical  purposes. 

(I)  If  Po  be  the  Experimental  Mean  Pitch  of  the 

Airscrew,    then     for    all    values    of    Effective    Pitch 
p 

greater  than    0°  and  less  than  P0  the  value  of  v1  the 

IB 

inflow  velocity  is  assumed  zero. 

(II)  For    all    values  of   the    Effective    Pitch    from 
•p 

zero  to     °,  the  total  translational  velocity  of  the  air 
2 

relative  to  the  airscrew  is  assumed  to  be  constant  and 
equal  to  half  the  slip  stream  velocity. 

With  these  assumptions  the  calculated  values  for  the  airscrew 
characteristics  are  shown  on  Fig.  16,  and  agree  very  closely  with 
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those  obtained  by  experiment,  the  torque  power  curves  being 
practically  coincident  for  the  whole  range  of  working  conditions. 

From  the  second  assumption  it  is  obvious  that  for  all  values 

V  P 

of    -=-  up  to  —  -  the  torque  horse-power  absorbed  by  the  airscrew 

remains  constant,  since  at  each  section 


V 

and  the  value  of  V  and  V,  +  -  is  constant  for  the  same  value  of 

2 

the  airscrew  revolutions  and  with  these  constant  0t  ,  Ky  ,  and  y 
remain  constant.  With  the  efficiency  of  the  airscrew  at  any 
element 


=  >?e  =  tan  6 


-'  v* 


v       V 
V,  +  -  +  - 

V,  2         y 


and 


v 
Vj  +  -,  V,  and  y  being  constant  for  all  values  of  effective  pitch 

2       P 
less  than  —  ,  we  have 

2  Vj 

?/e  <x  tan  0,  i.e.  oc  — r 

V    V 
and  since  we  are  plotting  with  respect  to  ^^ the  efficiency  curve, 

from  o  to  —  for  the  effective  pitch,  will  be  a  straight  line  passing 

through  the  origin. 

Since  the  airscrew  efficiency  oc  Vx  and  the  torque  power 
absorbed  remains  constant,  we  obtain  from  the  expression  for 
the  thrust 

Torque  power  absorbed  x  r/  x  550 
Thrust  = - —        v 

vi 

that  the  airscrew  thrust  is  constant  for  values  of  the  effective 

P 
pitch  from  o  to  — 

2 

The  difference  in  the  efficiency  curves  on  Fig.  16  for  values  of 

V  P 

— l  greater  than  —  may  be  explained  by  the  effect  of  end  losses, 

n  D  2 

since  it  is  found  that  this  difference  depends  largely  upon  the 
shape  of  the  airscrew  tip. 
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The  assumptions  forming  the  basis  of  this  design  theory  may 
have  no  foundation  of  aerodynamic  reasoning,  but  it  is  found 
that  it  gives  results  for  airscrews  well  within  the  limits  of 
constructional  error,  and  the  values  of  the  torque  power  absorbed 
calculated  in  this  way  are  extremely  accurate.  The  efficiencies 
thus  calculated  are  probably  always  high,  but  are  proportional 
to  the  actual  airscrew  efficiencies,  the  form  of  the  efficiency 
curve  being  similar  to  that  obtained  in  practice.  It  is  probable 
that  by  applying  suitable  correction  factors  to  the  aerodynamic 
characteristics  of  the  sections,  which  would  allow  for  the  effect  of 
radial  flow,  a  very  close  approximation  to  the  actual  efficiencies 
could  be  obtained,  but  it  is  more  convenient  to  consider  the 
effect  of  radial  flow  by  the  use  of  a  correction  factor  which  may 
be  decided  upon  by  experience  from  the  physical  properties  of 
the  airscrew. 

We  may  assume,  as  the  result  of  past  experience,  that  the 
design  theory  now  adopted  is  sufficiently  accurate  for  the  com- 
parison of  airscrew  types,  and  this  theory  will  be  used  in 
considering  the  effects  of  changing  various  blade  dimensions 
in  turn. 


CHAPTER  V. 

THE  THEORETICAL  INVESTIGATION  OF  AIRSCREW  TYPES. 

HAVING  determined  a  suitable  theory  for  practical  design 
purposes  it  is  now  possible  to  consider  the  methods  of  choosing 
blade  dimensions  for  an  airscrew  that  is  to  satisfy  particular 
requirements.  We  have  shown  that  the  design  of  an  airscrew  is 
largely  a  matter  of  trial  and  error,  but  if  we  consider  the  effect 
of  possible  variations  of  various  blade  dimensions  it  should  be 
possible  to  arrive  at  definite  conclusions  for  particular  design. 
From  the  theoretical  standpoint  it  is  possible  to  vary  the 
characteristics  of  an  airscrew  by  varying  any  of  the  terms  used 
in  the  theoretical  calculations  of  the  blade-element  reactions,  at 
any  or  all  of  the  sections  considered.  In  addition  it  will  be 
found  that  these  characteristics  may  be  affected  without  altera- 
tion of  any  of  the  blade  dimensions  considered  in  the  theory  by 
the  general  arrangement  of  the  airscrew,  and  as  this  is  influenced 
largely  by  surrounding  objects  it  is  best  considered  from  the 
point  of  view  of  experience. 

Assuming  that  the  theory  assumed  from  the  blade-element 
theories  is  correct,  as  experience  has  shown  to  be  quite 
justifiable,  we  have  from  the  expressions  for 


, 

—  ^  ,  —  -     and  7?e 
a  r       d  r 

at   any   section    under   any   working    condition    the    following 
variables  :  — 

(i)  The  Blade  Width,  C. 
(ii)  The  Blade  Angle,  A. 
(iii)  The  Camber  and  shape  of  the  section. 
The  effect  of  a  variation  of  each  of  these  may  be  considered. 

The  Blade  Width  at  any  section  may  be  varied  in  connection 
with  the  blade  widths  throughout  the  remaining  sections  or 
independently.  In  either  case  it  is  possible  to  have  an  infinite 
number  of  airscrews  of  the  same  diameter  and  pitch  with 
different  characteristics  due  to  the  variation  of  blade  width,  but 
we  may  consider  two  types  of  variation,  and  from  them  draw 
conclusions  for  all  types.  In  the  first  case,  we  may  consider 
airscrews  in  which  the  maximum  blade  width  bears  a  fixed 
relation  to  the  diameter  of  the  airscrew,  but  the  Scale  Blade 
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Width  along  the  blade  is  varied,  and  we  may  consider  three 
types  of  blades  used  in  practical  airscrew  design.  It  is  usual  to 
connect  the  blade  widths  at  various  radii  along  the  blade  by  the 
Linear  Grading  Curve  of  the  airscrew.  To  obtain  this 
curve  at  various  sections  along  the  blade,  the  blade  width  is 
plotted  as  ordinate  against  the  section  radius  as  abscissa,  and  a 
smooth  curve  is  drawn  through  the  points  obtained.  The  linear 
grading  curves  of  the  three  types  of  blades  considered  are  drawn 
in  Fig.  17,  and  the  blade  widths  at  various  radii  in  terms  of  the 
diameter  are  shown  in  the  table  below. 

In  each  case  the  maximum  blade  width  may  be  considered 

to  be—  where  D  is  the  overall  diameter  of  the  airscrew. 


Radius  in  terms  of 
tip  radius 

SCALE   BLADE   WIDTH 

1 

2 

3 

•<5 

•84 

•600 

•830 

'3 

'973 

737 

•965 

"45 

•100 

•900 

I'OO 

•6 

•966 

I'OO 

•940 

75 

•864 

•968 

796 

*9 

•668 

•716 

•506 

'95 

'555 

"534 

•360 

These  are  the  scale  blade  widths  arrived  at  from  practical 
design  experience  for  three  types  of  airscrews  fitted  to  different 
machines,  the  practical  considerations  deciding  their  suitability 
being  discussed  later.  To  compare  the  effect  of  the  scale  blade 
widths  on  the  airscrew  characteristics,  we  may  consider  the 
propeller  of  Diam.  =  10"  Pp  =  8'  and  uniform  blade  width,  and 
compare  it  with  propellers  similar  in  all  but  scale  blade  width. 
From  the  expressions  for 


~dr'    dTr 
at  the  blade  elements  we  find  that  at  any  blade  element 


dr  dr 

vary  directly  as  the  blade  width,  and  hence  the  blade  element 
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FIG.  17. — Linear  Grading  Curves  for  Typical  Airscrews. 

efficiency  is  unaltered  by  the  variation  in  blade  width.  From 
the  results  obtained  in  Chapter  IV.  the  following  tabulated 
values  are  obtained  by  using  these  relations,  at  an  effective 
pitch/diameter  ratio  of  '8  : — 


Section 
radius 

Airscrew  of 
constant  width 

1 

2 

3 

•95 

rfQ 
dr 

dl 
dr 

</Q 
dr 

dT 
dr 

rfQ 

dr 

rfT 

dr 

rfQ 
dr 

<tT 

dr 

23.050 

18,850 

12,800 

10,450 

12,300 

10,050 

8,300 

6,780 

•90 

24,600 

21,050 

16,440 

14,060 

17,620 

15,080 

12,450 

10,650 

75 

19,600 

16,360 

16,930 

14,140 

18,960 

15,840 

15,600 

13,020 

•6 

14,300 

12,150 

13,800 

11,740 

14,300 

12,150 

I3»44° 

11,430 

'45 

9.130 

7,890 

9,130 

7,890 

8,22O 

7,200 

9>I3° 

7,890 

'3 

3.930 

3.385 

3,820 

3»29° 

2,900 

2,500 

3.790 

3,270 
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FIG.  1 8. — Effect  of  Linear  Grading  upon  Torque  Power  Curve. 
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FIG.  19. — Effect  of  Linear  Grading  upon  Thrust  Power  Curve. 

From  these  values  the  curves  shown  in  Figs.  18  and  19  are 
drawn  and  the  horse-power  absorbed,  the  thrust  horse- power 
developed,  and  the  overall  efficiency  of  each  of  these  airscrews 
found.  The  areas  of  the  curves  are  measured,  and  the  following 
are  the  results  obtained  : — 
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Type  of  airscrew 

Torque  horse- 
power absorbed 

Thrust  horse- 
power developed 

Overall  efficiency 

Parallel  blade 

2OO 

165-6 

•828 

I 

160 

133'° 

•830 

2 

165 

137-2 

•831 

3 

146 

12I'5 

•83I 

From  these  results  the  following  conclusions  can  be  made. 
In  a  series  of  propellers  differing  only  in  scale  blade  width,  the 
overall  efficiency  is  practically  constant  throughout  the  series,  but 
the  power  absorbed  and  developed  vary  to  a  great  extent  with 
the  scale  blade  width.  This  has  only  been  found  for  one 

V 
particular  value  of  -yt  but  if  the  characteristics  are  considered  at 

y 

various  values  of  — ^  it  will  be  found  that  the  same  conclusions 
n  D 

hold  throughout  the  whole  range. 

In  airscrews  in  which  the  same  scale  blade  width  is  main- 
tained, and  the  relation  between  the  diameter  and  the  maximum 
blade  width  is  varied,  it  is  obvious  that  from  the  theory  analysis 
the  overall  efficiency  of  the  blade  remains  unaltered,  and  the 
power  absorbed  and  developed  is  directly  proportional  to  the 

maximum  blade  width 

diameter         -  ratio  for  the  series. 

When  this  ratio  becomes  comparatively  high,  however, 
interference  between  the  blades  occur  corresponding  to  the 
'  biplane  effect '  in  aeroplanes.  This  feature  has  already  been 
discussed  in  the  chapter  dealing  with  the  aerodynamic  properties 
of  airscrew  sections,  and  it  is  found  more  convenient  to  correct 
for  this  interference  by  the  use  of  a  correction  factor  determined 
by  experience,  rather  than  by  the  correction  of  the  aerofoil 
characteristics. 

Change  of  Airscrew  Sections. — The  effect  of  varying  the 
shape  of  the  section  at  any  particular  radius  is  to  vary  the  aero- 
dynamic properties  of  the  blade  element,  so  that  any  variation 
of  the  characteristics  of  the  airscrew  is  due  to  variation  in  the 
values  of  Ky  and  y  at  the  various  sections. 

The  effect  of  varying  the  camber  of  any  section  can  be  seen 
from  the  curves  of  lift  and  lift/drift  for  the  typical  airscrew 
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sections,  and  generally  an  increase  of  camber  increases  the  value 
of  Ky  with  a  decrease  in  the  value  of  y. 
Hence,  from  the  expressions  for 


-v       -r-  ,  and  //e 
a  r      dr 

it  is  obvious  that  an  increase  in  the  camber  of  the  sections  of  an 
airscrew  will  increase  the  horse-power  absorbed  at  the  expense  of 
airscrew  efficiency.  To  maintain  maximum  efficiency  it  is  there- 
fore necessary  to  keep  the  camber  of  the  sections  as  low  as  possible, 
the  minimum  value  being  decided  by  stress  considerations. 

The  Effect  of  Camber  of  the  Under  Surface.  —  In  general, 

o 

the  under  surfaces  of  the  blade  elements  throughout  the  effective 
portion  of  the  blade  are  flat,  but  occasionally  it  becomes 
necessary  to  vary  this.  It  has  been  previously  stated  in  the 
chapter  on  Airscrew  Sections,  that  the  effect  of  a  concave  camber 
of  the  under  surface  is  to  increase  the  value  of  Ky  with  very  little 
effect  upon  y.  Hence  it  is  obvious  that  a  slight  concave  under 
camber  throughout  the  effective  portion  of  the  blade  will  increase 
the  torque  horse-power  absorbed  without  affecting  the  efficiency 
to  an  appreciable  extent.  The  amount  of  this  under  camber  is, 
of  course,  limited  by  the  stress  considerations,  and  it  is  used  only 
in  large  slow-speed  propellers  or  in  propellers  limited  in  diameter 
by  the  features  of  the  machine  to  which  they  are  fitted,  the 
maximum  value  generally  being  about  TV  of  the  blade  width. 

The  Variation  of  Blade  Angles.  —  For  the  purpose  of  con- 
sidering fully  the  effect  of  varying  the  Blade  Angle  at  any 
section,  it  is  convenient  to  express  the  angle  at  any  section  in 
terms  of  airscrew  pitch. 

If  at  any  section  of  radius  r  the  blade  angle  is  A,  we  have, 
the  face  pitch  of  the  element  at  radius  r 
=  2  TT  r  tan  A  or 

A        Face  pitch         P. 
tan  A  =  -   -  "  -  =  - 

2  TT  r  2  IT  r 

Hence  at  any  section  the  blade  angle  can  be  deduced  directly 
from  a  knowledge  of  the  face  pitch/radius  ratio  for  the  section. 

In  general,  sections  are  considered  at  radii  which  are  definite 
fractions  of  the  airscrew  diameter,  and  with  this  it  is  possible 

face  pitch  at  section 
to  derive  the  blade  angle  at  any  section  from  the    overan  diameter 

ratio.  Hence,  for  comparing  typical  airscrews  of  the  same 
diameter  and  speed  of  rotation,  it  is  possible  to  consider  all 
possible  variations  in  the  blade  angles  by  suitable  variation  of 
face  pitch  throughout  the  blade. 
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It  is  possible  to  arrange  an  infinite  number  of  typical  air- 
screws varying  only  in  face  pitch,  but  for  the  purpose  of 
considering  the  effect  of  face  pitch  two  distinct  families  of  typical 
airscrews  need  only  be  investigated. 

In  the  first  case  we  may  consider  a  family  of  airscrews  all 
having  the  same  value  of  the  Mean  Face  Pitch  but  in  which 
the  relation  between  the  values  of  the  face  pitch  throughout  the 
blade  can  be  varied  indefinitely. 

In  the  second  case,  the  family  of  airscrews  are  considered 
with  different  values  of  the  Mean  Face  Pitch,  but  in  which 
the  relation  between  the  values  of  the  face  pitch  throughout  the 
blade  is  the  same  for  every  airscrew. 

The  Effect  of  Variation  in  Face  Pitch  throughout  the 
Blade,  the  Mean  Value  of  the  Face  Pitch  remaining  con- 
stant— We  may  investigate  this  by  the  analysis  of  four 
airscrews,  A,  B,  C,  D,  of  which 

The  Face  Pitch  is  constant  in  A; 

The  Experimental   Mean  Pitch  is  constant  in  B ; 

The  Face  Pitch  increases  from  boss  to  tip  in  C ; 

The  Face  Pitch  decreases  from  boss  to  tip  in  D. 
For   the  purpose  of  quantitative  analysis  we  may  consider  an 
airscrew  of  diameter  =  10',  Mean  Face  Pitch  —  8',  of  constant 
blade  width  =  10",  rotating  at  1,200  r.p.m.,  so  that  airscrew  A 
corresponds  with  the  airscrew  previously  analysed  in  Chapter  IV. 

To  obtain  the  value  of  the  blade  angle  and  the  face  pitch  at 
any  section  for  type  B  it  is  necessary  to  use  trial  and  error 
methods,  as  shown  below,  assuming  for  a  first  approximation 
that  the  value  of  the  experimental  mean  pitch  is  the  same  as  for 
airscrew  A  =  IO'4  ft. 


Section 

2  7T  r  ft. 

tan  (A  +  ^o) 
_  EM  P 
2  irr 

A  +  »J/o 

a 
C 

i^/o  from 
tables 
negative 

A 

tan  A 

Pf 

'95 

2-983 

•3485 

'9°  I3' 

•08 

4°o' 

i5°  J3' 

•2720 

8-12 

'9 

2-825 

•3680 

2O°   12 

•I 

5°  I2' 

»5*°' 

•2679 

7'57 

75 

2*355 

H4I5 

23°  49' 

•12 

6°  o' 

17°  49' 

•3214 

7'57 

•6 

1-884 

•5518 

28°  54' 

-14 

7°  o' 

21°  54 

-4020 

7  '57 

'45 

I'4I3 

•7360 

36°  2l' 

•16 

8°o' 

28°  21 

'5395 

7  '63 

'3 

•942 

1-1036 

47°  49' 

•20 

8°o' 

39°  49' 

•8337 

7'85 

Mean  Value  of  Face  Pitch  =  7-72  ft. 


75 

From  this  we  may  assume  that  for  a  mean  face  pitch  of  8' 
the  face  pitch  at  each  of  the  sections  considered  may  be 
increased  by  '28',  and  from  these  values  the  experimental  mean 
pitch  may  be  calculated  at  each  of  the  sections.  It  is  found  that 
with  this  assumption  the  e.m.p.  is  constant  to  within  our  limits 
of  accuracy,  and  equal  to  IO'65'.  Hence,  assuming  values  for 
the  face  pitch  at  each  section  for  C  and  D  we  can  prepare  the 
following  table,  and  tabulate  the  values  of  the  blade. angles  at  the 
various  sections.  The  pitch  variation  throughout  airscrews  C 
and  D  is  entirely  a  matter  of  assumption,  and  is  only  used  to 
show  the  effect  of  such  a  form  of  pitch  variation. 


A 

B 

C 

D 

Section 

Pitch 

Blade 
angle 

Pitch 

Blade 
angle 

Pitch 

Blade 
angle 

Pitch 

Blade 
angle 

'95 

8 

15°  l' 

8-4 

1  5°  43' 

8-5 

'5°  54' 

7'5 

14°  7' 

'9 

8 

I5°  49 

7-85 

J5°32' 

8-3 

16°  21' 

77 

15°    '5' 

75 

8 

1  8°  47' 

7^5 

1  8°  26' 

8-1 

1  8°  58' 

7  '9 

18°  32' 

•6 

8 

23°  i' 

7-85 

22°  37' 

7  '9 

22°  45' 

8-1 

23°  16 

'45 

8 

29°  31' 

8-oi 

29°'  33' 

77 

28°  36' 

8'3 

3°  25 

'3 

8 

40°  22' 

8-13 

40°  48' 

7*5 

38°  31' 

8-5 

42°  3' 

1 

i 

The  analysis  for  these  four  airscrews  is  not  completed  here, 
but  may  be  left  to  the  student  to  perform  as  an  example  of  the 
use  of  the  theory.  The  most  important  results  arrived  at  from 

this  investigation  are  : — 

y 

1.  The  curves  of  efficiency  plotted  against  — k  for  all  four  air- 
screws are  almost  identical. 

2.  The  power  absorbed  and  developed   by  the  airscrew  is 
affected  to  some  extent  by  the  variation  of  face  pitch  across  the 
blade,   but   the   difference    is   very  slight   and  within  practical 
limits  of  accuracy.     Hence,  in  considering  the  general  effect  of 
variation  of  the  Blade  Angles  we  may  neglect  the  effect  of 
variation  of  Face  Pitch  across  the  blade,  and  investigate  the 
effect  of  variation  of  the  Mean  Face  Pitch  in  airscrews  other- 
wise similar. 


The  Effect  of  Variation  of  the  Pitch/Diameter  Ratio.— 
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In  designing  an  airscrew  for  a  particular  machine  it  is  generally 
necessary  to  assume  a  value  of  the  face  pitch  before  proceeding 
with  the  analysis,  and  as  the  face  pitch  is  dependent  upon  the 
flight  conditions  it  is  very  convenient  to  know  the  effect 
upon  the  airscrew  characteristics  of  any  change  in  the 
Face  Pitch/Diameter  ratio. 

Under  similar  working  conditions  the  effect  of  a  variation  in 
mean  face  pitch  is  to  vary  at  each  of  the  sections  the  blade 
angle  A,  and  consequently  \fj ,  Ky  and  y ;  in  general  the  effect 
cannot  be  expressed  as  a  definite  function  of  the  face  pitch,  and 
to  consider  the  effect  it  is  most  convenient  to  obtain  quantitative 
results  for  airscrews  differing  only  in  mean  face  pitch. 

As  we  have  already  shown  that  the  variation  of  face  pitch 
throughout  the  airscrew  blade  has  very  little  effect  upon  the 
theoretical  values  of  the  characteristics,  we  shall  assume  that  in 
all  the  examples  taken  for  quantitative  analysis  the  face  pitch  is 
constant  over  the  airscrew  blade.  The  examples  chosen  for 
analysis  are  all  of  10'  diameter,  constant  blade  width  =  10",  with 
sections  at  the  various  radii  corresponding  to  the  typical  airscrew 
analysed  in  Chapter  IV.,  the  values  of  the  face  pitch  being  4',  6', 
8',  10',  12',  and  14'  respectively,  so  that  the  pitch/diameter  ratios 
are  '4,  '6,  "8,  ro,  r2,  and  1*4  respectively.  The  analysis  is  not 
shown  completely  worked  out  in  detail,  but  the  results  are 
tabulated  below,  and  the  characteristic  curves  are  drawn  in  Figs. 
20  and  21. 

The  Efficiency  Curves. — From  these  curves  we  see  that 
while  the  absolute  values  of  the  characteristics  vary  between 

wide  limits,  with  the  value  of  ^'  the  characteristic  curves  are 

similar  in  form.  The  maximum  efficiency  increases  with  the 
pitch/diameter  ratio  up  to  the  greatest  value  i'4  taken.  This  is 
to  be  expected,  as  the  mean  value  of  the  helix  angle  0  over  the 
effective  portion  of  the  blade  at  the  effective  pitch  corresponding 
to  maximum  efficiency  is  approaching  its  optimum  value 
(43°  45',  see  Chapter  II.,  Fig.  10)  at  face  pitch/diameter  ratio 
=  I  '4.  Above  this  value  the  airscrew  efficiency  falls  off  rapidly 
as  in  Fig.  23.  In  general  the  face  pitch/diameter  ratios  of  air- 
screws used  in  practice  are  always  below  this  value,  and  we  will 
not  consider  values  higher  than  1-4.  The  maximum  efficiency 
obtainable  from  an  airscrew  of  the  type  considered  is,  from 
Fig.  20,  about  88  per  cent.,  and  since  we  have  shown  that  it  is 
impossible  to  improve  the  theoretical  efficiency  by  an  appreciable 
amount,  by  varying  the  blade  sections,  blade  widths,  or  by  the 
distribution  of  blade  angle  along  the  blade,  we  are  justified  in 
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assuming  that  the  maximum  theoretical  efficiency  of  any  airscrew 
is  about  88  per  cent.     The  maximum  efficiency  of  any  of  the 

airscrews  analysed  is  obtained  at  a  value  of  — ^  slightly  less 
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FIG.  21. — Effect  of  Face  Pitch/Diameter  Ratio  upon 
Torque  Horse  Power  absorbed. 
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FIG.  22.  —  Variation  of  Power  absorbed  with  Face  Pitch/Diameter  Ratio 
for  particular  Flight  Conditions. 
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FIG.  23. — Variation  of  Maximum  Efficiency  with 
Face  Pitch/Diameter  Ratio. 
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than    the   corresponding   face  pitch/diameter   ratio,   and    as    a 

general  approximate  rule  we  may  assume  that  at  maximum 
efficiency 

V,  PF 

1       =      'Q?          r- 

«D        y<5    D 

or  Effective  pitch  =  '93  x  Face  pitch. 

Also  from  the  efficiency  curves,  at  the  peaks  the  curves  are 
almost  symmetrical  about  the  maximum  ordinate,  and  to  obtain 

an  airscrew  giving  maximum  efficiency  over  a  range  of  —r  ,  we 
should  choose  an  airscrew  giving  maximum  efficiency  at  the 

mean  value  of  — p: .     In  practice  other  considerations  are  found 
n  i) 

to  affect  this,  chiefly  that  of  engine-power  and  power  absorbed 
by  airscrew,  and  in  considering  the  suitability  of  an  airscrew 

V 

over  a  range  of  — r>  we  have  to  consider  the  curve  of  torque- 
power  absorbed. 

The  Torque-power  absorbed  Curve. — The  curves  of 
torque  horse-power  absorbed  are  all  similar,  and  it  is  possible  to 
fully  consider  the  effect  of  pitch/diameter  ratio  upon  power 
absorbed  by  connecting  certain  points  upon  these  curves.  By 
assumption  in  the  theory  the  power  absorbed  by  any  airscrew  is 

n  P0 
constant  for  all  values  of  V,  less  than  -    -  and  it  is  therefore 

2 

p 

reasonable  to  compare  this  power  absorbed  with  the  -pr  values  of 

the  various  airscrews.     Also  at  the  value  of  — jk  corresponding 

p  __ 
to  the   ^  ratio  for  any  airscrew,  the  angle  of  attack  \js  and 

consequently  the  aerofoil  characteristics  are  the  same  for  the 
whole  family  of  airscrews,  and  the  difference  in  power  absorbed 
is  due  to  the  variation  of  the  helix  angle.  In  general,  when 
designing  an  airscrew  for  an  aeroplane  with  a  large  speed  range, 

this  value  of  —k  corresponds  approximately  to  the  flight  con- 
ditions at  all  out  speeds,  and  we  may  consider  this  a  suitable 

p 
condition  for  comparing  airscrews  of  varying  -^  ratio. 

If  we  can  find   laws  connecting  the  horse-power  absorbed 
under  each  of  these  flight  conditions  with  the  face  pitch/diameter 

G 
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ratio,  then  from  the  similarity  of  the  characteristic  curves  of  Q 
plotted  against  — ^  it  is  possible  to  predict  accurately  the  curve 

of  Q  against  — ^  for  all  values  of  the  face  pitch/diameter  ratio. 

In  Fig.  22  are  plotted  the  powers  absorbed  at 

(1)  No  translational  velocity. 

(2)  Translational  'all  out'  velocity  with  —  =  PF 

Tt 

In  both  cases  the  points  lie  approximately  on  a  straight  line, 
and  in  the  case  of  the  power  absorbed  when  flying  all  out  the 
line  passes  through  the  origin,  so  that  for  similar  airscrews 

P , 
Torque  H  P  absorbed  =  K  x  — ^ 

where  K  is  a  constant  depending  upon  the  other  airscrew 
dimensions.  In  the  case  of -the  power  absorbed  by  the  airscrew 
rotating  without  translational  velocity,  the  points  do  not  lie  so 
closely  to  the  straight  line,  which  does  not  pass  through  the 
origin.  These  differences  are  probably  due  to  the  errors  in 
calculation,  as  when  rotating  under  these  conditions  some  parts 
of  the  blade  are  working  such  that  i//  is  at  the  critical  value,  and 
then  the  values  of  Ky  and  y  are  not  stable.  It  is  sufficient  to  a 
close  approximation  to  assume  that 

/P  \ 

Torque  H  P  absorbed  when  stationary  =  Constant  x  ( —  -  -i  ) 

The  combined  Effect  of  Possible  Variations. — We  have 
shown  that  from  a  purely  theoretical  standpoint  the  effect 
of  the  possible  variations  are  as  follows  : — 

1.  The  effect  of  any  variation  of  blade  width  or  scale  blade 
width  at  any  section  is  to  vary  the    torque   power  absorbed 
by   the   airscrew,  with  no  appreciable  effect  upon    the  overall 
efficiency. 

2.  By  varying  the  shape  of  the  sections  throughout  the  blade 
it  is  possible  to  vary  both  the  torque  power  absorbed  and  the 
overall    efficiency,   but    the    possible   variation    of    the   section 
contour  is  governed  by  practical  considerations  of  construction 
and  required  strength. 

3.  In  airscrews  with  the  same  value  of  mean  face  pitch  the 
variation  of  face  pitch  throughout  the  airscrew  blade  has  only  a 
negligible  effect  upon  the  total  torque  power  absorbed  and  the 
overall  efficiency. 

4.  In  an  airscrew  which  is  required  to  work  over  a  range  of 
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translational    velocity,   at  any  value  V1   of  this  velocity,  it  is 
possible  to  vary  the  theoretical  efficiency  and  the  torque  power 

constant  of  the  airscrew  to  a  large  extent  if  the  values  of  n  and 

p 

D  are  not  fixed  in  any  way,  by  varying  the  ratio  jj. 

5.  In  general,  when  designing  an  airscrew  for  a  range  of 
values  of  V\  the  airscrew  revolutions  are  fixed  at  one  particular 

speed  by  the  engine  driving  the  airscrew,  and  this  limits  the 

p 
possible  variation  of  -^  for  the  airscrew.     Under  these  conditions 

it  is  possible  to  vary  the  torque  power  constant  between  limits 

P    ' 

by  the  variation  of  -^  ratio,  and  to  increase  the  efficiency  at  any 

particular  value  of  Va  at  the  expense  of  the  general  efficiency 
throughout  the  range  of  translational  velocity. 

From  these  conclusions  it  will  be  seen  that  while  the  face 
pitch  is  the  blade  dimension  having  the  greatest  effect  upon 
efficiency,  it  is  possible  to  vary  the  torque  horse-power  absorbed 
by  the  airscrew  by  varying  the  blade  width  and  the  action 
camber  in  addition. 

Grading  Curves. — In  addition  to  the  effect  of  blade  varia- 
tion upon  the  total  airscrew  characteristics,  we  may  also  consider 
the  effect  upon  the  distribution  of  the  aerodynamic  loading. 
Since  the  airscrew  blade  acts  as  a  cantilever  fixed  at  the  boss,  it 
is  obvious  that  this  distribution  of  loading  has  a  great  effect 
upon  the  maximum  stresses  in  the  airscrew. 

At  any  element  the  forces  acting  are  the  Torque  Force 
and  the  Thrust  Force,  and  the  curves  drawn  with  these  values 
as  ordinates  to  the  blade  radius  represent  the  Load  Grading 
curves  of  the  airscrew.  Of  these  the  Thrust  Grading  curve 
is  the  most  important,  as  at  any  section 

Torque  H.P. 
Torque  force  = ±— —    -   x  550 

„,,       .  f  Thrust  H.P.  x  550 

Thrust  force   =  —       — — — 

vi 
Torque  H.P.  x  550  x  q 

~vT 

y 

and  in  general  rj  is  considerably  greater  than  y1  and  the  blade  is 

much  stiffer  in  bending  in  the  plane  of  rotation  than  in  bending 
under  thrust.      The   Thrust  Horse-power   curve    is   similar 
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to  the  Thrust  Grading  curve,  as  the  value  of  Va  is  constant 
throughout  the  blade. 

Hence  for  strength  considerations  the  contour  of  the  thrust 
power  developed  curve  for  any  airscrew  may  be  regarded  as  a 
load  grading  curve  for  the  airscrew  blade,  and  to  secure  the 
condition  of  minimum  stress  in  an  airscrew  yielding  a  definite 
thrust  at  a  certain  forward  velocity  it  is  essential  that  the  C.G. 
of  the  thrust  power  curve  should  be  as  close  to  the  airscrew  boss 
as  possible. 

This  is  limited  by  the  aerodynamic  features  of  the  airscrew, 
and  also  by  interference  effects  of  adjacent  objects  which  would 
considerably  reduce  the  efficiency  of  the  airscrew. 

The  curves  of  torque  horse-power  and  thrust  horse-power  are 
generally  very  similar,  as  the  airscrew  efficiency  does  not  vary 
greatly  from  boss  to  tip.  In  the  case  of  the  normal  blade 
previously  analysed  the  greatest  portion  of  the  power  is 
absorbed  and  developed  towards  the  tip  of  the  blade,  and  the 
effect  of  decreasing  the  blade  width  towards  the  tip  is  to  bring 
the  C.G.  of  the  grading  curve  nearer  to  the  boss.  This  is  shown 
in  Figs.  1 8  and  19.  The  same  effect  is  obtained  by  varying  the 
pitch  along  the  blade  so  that  the  angle  of  attack  is  decreased 
towards  the  tip,  and  this  practice  is  adopted  by  many  designers. 
At  the  same  time,  since  the  angle  of  attack  i//  varies  with  the 
working  conditions,  the  variation  of  pitch  does  not  have  the  same 
uniform  effect,  and  it  is  generally  more  convenient  to  decrease 
the  scale  blade  width  towards  the  tip  and  to  keep  the  airscrew 
blade  of  constant  face  pitch. 


CHAPTER   VI. 

PRACTICAL  CONSIDERATIONS  AFFECTING  BLADE  DIMENSIONS 
AND  AIRSCREW  PERFORMANCE. 

IN  general,  the  results  arrived  at  by  theoretical  investigation 
of  airscrew  types  form  the  foundation  of  airscrew  design,  but 
certain  practical  considerations  arise  which  affect  the  possible 
variation  of  particular  dimensions  and  the  accuracy  of  the 
hypothesis  from  which  the  blade-element  theory  is  deduced. 
These  considerations  may  be  divided  into  three  main  classes  for 
the  purpose  of  determining  their  relative  importance  as  follows  : — 

1.  Features  associated  with  the  aerodynamic  pro- 
perties   of    the    airscrew,    and     the    effect    of    these 
aerodynamic  properties  upon  the  body  to  which  the 
airscrew  is  attached. 

2.  Structural  considerations  which  affect  the  aero- 
dynamic properties  of  the  airscrew. 

3.  The    effect    of    surrounding    objects    upon    the 
airscrew  performance. 

Of  these,  the  first  may  be  discussed  in  connection  with  the 
results  arrived  at  theoretically  for  the  general  case,  and  the  others 
must  be  considered  for  the  special  conditions  arising,  and  in  con- 
junction with  the  stresses  in  the  airscrew. 

Blade  Form  and  Radial  Flow. — One  of  the  chief  assump- 
tions used  in  forming  the  blade-element  theory  is  that  all  air  flow 
across  the  airscrew  is  entirely  two-dimensional.  Even  in  the 
case  of  the  aerofoil  of  rectangular  plan  form  in  the  wind-tunnel 
it  is  found  that  there  is  a  considerable  amount  of  airflow  along 
the  length  of  the  aerofoil,  with  consequent  tip  losses,  and 
variation  of  the  aerofoil  characteristics  along  the  span.  In 
connection  with  this  experiments  have  been  conducted  to 
investigate  the  influence  of  the  plan  form  upon  the  aerodynamic 
properties  of  aerofoils,  and  it  is  found  to  be  advantageous  to 
reduce  the  chord  towards  the  tips,  and  to  make  the  leading  edge 
of  smaller  span  than  the  trailing  edge. 

In  the  case  of  the  airscrew  blade,  as  the  relative  air  velocity 
increases  towards  the  blade  tip,  the  radial  flow  should  be 
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expected  to  assume  even  more  serious  proportions,  and  this  is 
found  to  be  the  case  in  practice.  It  is  found  also  that  the  effect 
of  radial  flow  can  be  varied  by  the  variation  of  the  scale  blade 
width  and  the  angle  of  attack  along  the  blade.  For  the  airscrew 
required  to  work  over  a  large  range  of  forward  velocity  the  scale 
blade  width  has  a  more  uniform  effect,  the  variation  of  face 
pitch  having  less  effect  at  slow  speeds. 

The  airscrew  types  shown  in  Fig.  17  are  found  to  be  of  a 
suitable  linear  grading  for  airscrews  used  in  typical  aeroplanes, 
in  each  type  the  radial  flow  and  consequent  tip  losses  being 
considerably  less  than  with  the  normal  blade  of  constant  blade 
width.  The  final  choice  of  the  type  required  depends  upon 
particular  conditions,  of  which  the  most  important  is  that  of 
Tip  Speed. 

Tip  Speed  Effect. — The  tip  speed  of  an  airscrew  is  dependent 
almost  entirely  upon  the  engine  to  which  it  is  fitted,  though  the 
tip  speed  may  be  varied  slightly  by  a  variation  in  the  design  of 
the  airscrew.  In  modern  engines  the  normal  revolutions  of  the 
crank  shaft  vary  from  about  1800  to  2000  per  minute,  and  in 
extreme  types  run  as  high  as  2400  per  minute.  Gearing  is 
avoided  as  far  as  possible,  and  is  only  resorted  to  when  it  is 
impossible  for  an  airscrew  to  absorb  the  engine  power  efficiently 
at  the  crank  shaft  revolutions,  and  this  condition  is  fixed 
entirely  by  the  tip  speed. 

In  the  hypothesis  forming  the  foundation  of  aerodynamic 
theory,  it  is  assumed  that  the  air  is  incompressible.  This  is 
only  true  to  within  certain  limits,  and  at  velocities  approximat- 
ing to  the  velocity  of  sound  in  air  the  assumption  fails  entirely. 
Actual  experiments  have  been  performed  upon  airscrews  which 
were  rotated  at  tip  speeds  up  to  1200  ft./sec.,  the  velocity  of 
sound  in  air  being  about  1 100  ft/sec.,  the  following  results  being 
obtained : — 

Up  to  a  limiting  value  of  900  ft./sec.  for  the  tip  speed  the 
air  flow  across  the  airscrew  blade  is  in  accordance  with  aero- 
dynamic theory,  and  the  values  of  power  absorbed  and  thrust 
developed  agree  with  theoretically  calculated  results. 

Above  tip  speeds  of  900  ft./sec.  the  air  flow  changes,  and  a 
portion  flows  radially  at  the  blade  tips,  yielding  no  thrust, 
increasing  with  the  tip  speed  till  at  1,200  ft./sec.  the  whole  of  the 
air  flow  is  radial  and  no  thrust  is  given  by  the  airscrew.  We 
may,  therefore,  at  present  regard  900  ft /sec.  as  being  the 
maximum  tip  speed  permissible  in  practice,  and  up  to  this 
speed  we  may  assume  that  the  effects  of  radial  flow  are  sufficiently 
small  to  be  neglected  in  theory  while  being  kept  at  a  minimum 
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by  the  shape  of  blade.  For  maximum  efficiency  at  any  forward 
speed  the  tip  speed  should  bear  a  fixed  relation  to  the  transla- 
tional  speed,  and  theoretically  this  should  be  such  that 

— ^  =  i '3  (from  previous  chapter) 
n  D 

or  since  tip  speed  =  TT  n  D,  for  optimum  efficiency 


and  from  a  knowledge  of  the  torque  power  absorbed  constant 
and  the  horse-power  of  the  engine,  it  is  possible  (neglecting 
constructional  difficulties)  to  obtain  optimum  efficiency  by 
suitable  gearing.  In  general,  however,  this  is  not  a  practical 
problem,  as  the  difference  between  optimum  efficiency  and  the 
average  efficiency  of  airscrews  is  not  sufficient  to  warrant  the 
weight  and  expense  of  different  gear  ratios  for  the  same  engine, 
and  it  is  usual  to  keep  the  engine  revolutions  and  gear  ratio 
constant  for  the  engine  irrespective  of  the  machine  to  which  it  is 
fitted,  the  gear  ratio  being  so  arranged  that,  for  the  slowest 
machine  to  which  the  engine  is  fitted,  the  tip  speed  of  a  suitable 
airscrew  should  not  exceed  900  ft./sec. 

It  is  found  in  practice  that  for  airscrews  having  a  tip  speed 
near  the  maximum  value  the  most  efficient  form  of  linear  grad- 
ing is  as  shown  in  Type  3  Fig.  17,  Type  1  being  suitable 
for  tip  speeds  between  600  and  800  ft./sec.,  and  Type  2  for  low- 
power  propellers  where  the  tip  speed  rarely  exceeds  600  ft./sec. 

Maximum  Blade  Width. — According  to  the  theoretical 
investigation  the  horse-power  absorbed  varies  directly  as  the 
maximum  blade  width  in  airscrews  of  similar  linear  grading.  It 
is  found  that  this  holds  good  in  practice  within  certain  limits  of 
(diameter  max.  blade  width)  ratio. 

The  maximum  value  of  this  ratio  in  airscrews  is  limited  by 
stress  considerations,  and  in  practice  does  not  exceed  15.  From 
the  chapter  on  aerofoil  sections  suitable  for  airscrews,  the  normal 
value  of  this  ratio  is  about  12,  this  corresponding  to  the  aspect 
ratio  at  which  the  section  aerofoil  characteristics  are  found.  It 
is  found  that  down  to  a  value  of  10  for  the  (diameter/max,  blade 
width)  ratio  the  results  obtained  in  the  theoretical  investigation 
hold  good,  that  is,  that  the  power  absorbed  varies  directly  as  the 
maximum  blade  width,  while  the  efficiency  remains  unaltered. 
Below  this  value  it  is  found  that  both  the  power  absorbed  and 
the  efficiency  are  over-estimated  by  theoretical  calculations. 
This  is  probably  due  partially  to  interference  between  the  blades 
and  to  tip  losses  caused  by  excessive  air  flow  radially.  The 
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theoretical  results  can  be  used,  however,  in  conjunction  with  a 
correction  factor  depending  upon  the  (diameter/max,  blade 
width)  ratio.  The  minimum  value  of  this  ratio  in  practice  is 
about  7'5,  and  for  this  it  is  found  that 

Horse-power  absorbed  (actual) 

Horse-power  absorbed  (calculated) 

the  efficiency  being  about  '9  of  the  calculated  value  for  blades  of 
types  i,  2,  and  3  in  linear  grading. 

Number  of  Blades.  From  a  theoretical  consideration  the 
power  absorbed  and  developed  by  an  airscrew  should  vary 
directly  as  the  number  of  blades,  and  the  efficiency  should  be 
independent  of  the  number  of  blades  forming  the  airscrew.  For 
reasons  of  symmetry  the  minimum  number  of  blades  possible  in 
an  airscrew  is  two,  but  any  number  greater  than  two  may  be 
used.  As  the  number  of  blades  increases,  the  interference  effect 
of  each  blade  upon  the  others  increases,  and  it  is  not  found 
practically  efficient  to  fit  airscrews  of  more  than  four  blades  to 
present-day  engines,  while  constructional  difficulties  prevent  the 
use  of  three-bladed  airscrews.  The  only  types  that  need  be 
considered  at  present  are  two-bladed  and  four- bladed  airscrews. 
The  analogy  of  the  blade  interference  to  biplane  effect  in 
aeroplanes  has  already  been  discussed  in  Chapter  II.,  and  as  a 
result  we  have  shown  that  the  interference  effect  can  be  con- 

V 
sidered  to  vary  with  the  value  of  — rr  cos  6  and  the  maximum 

blade  width.  In  general,  over  the  effective  working  portion  of 
the  blade,  0  is  never  greater  than  30°,  and  consequently  cos  8  is 
rarely  less  than  '9,  and  for  an  approximate  investigation  of  the 
interference  effect  it  is  sufficiently  accurate  to  assume  that 
cos  6  =  '9.  Then  we  have 

Ratio  =  '9  — -1.  /maximum  blade  width 


Chord  *  n  N' 

and  in  the  normal  blade  where  maximum  blade  width 

D 

12 

=  '9        ' 


ChoTd  n  XN  x  D 


N 


and  from  experimental  results  upon  biplane  spacing  we  should 
expect  no  interference  effect  when  this  ratio  is  greater  than  3. 

Also  from  this  expression  we  should  expect  the  interference 
effect  to  vary  with  the  (Effective  Pitch/Diameter)  Ratio, 
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and  this  is  found  to  be  the  case,  though  the  variation  is  not  in 
accordance  with  the  expression  found  above.  In  practice  it  is 
found  far  more  convenient  to  correct  for  blade  interference  by 
the  use  of  empirical  correction  factors  determined  by  experiment 
and  by  past  experience.  No  correction  factors  for  interference 
effect  are  required  in  two-bladed  propellers  of  average  propor- 
tions, and  in  the  case  of  four-bladed  propellers,  where  the 

maximum    blade  width   is   equal   to    — ,  at  values  of  effective 

pitch/diameter  ratio  met  with  in  practice,  it  is  found  that 
Actual  power  absorbed  =  '85  x  (calculated  value) 

Actual  thrust  power  developed  =  '80  x  (calculated  value) 
Efficiency  =  -94  x  (calculated  value) 

or  that  in  airscrews  composed  of  similar  blades 
Power  absorbed  by  four-blader 


Power  absorbed  by  two-blader 
Efficiency  of  four-blader 


=     '94 


Efficiency  of  two-blader 
These  ratios  increase  with  blades  where  the  maximum  blade 

width  is  less  than  -  -  and  in  airscrews  working  at  high  values  of 

pitch/diameter  ratio,  but  may  be  taken  as  average  values  for 
typical  airscrews,  and  are  probably  within  practical  limits  of 
error  for  all  airscrews. 

Reasons  determining  the  Number  of  Blades.  —  From  the 
above  considerations  it  will  be  seen  that  four-bladed  propellers 
are  considerably  less  efficient  theoretically  than  two-bladed,  but 
they  have  some  advantages.  The  chief  reason  for  using  four- 
bladed  airscrews  is  to  obtain  a  smaller  diameter  propeller  that 
will  absorb  the  same  horse-power  at  normal  engine  revolutions 
as  a  two-bladed  propeller  of  similar  blade  form,  the  ratio  of 
diameters  being  as  follows  :  — 

If  Qc  =  Torque  power  coefficient  of  two-bladed  propeller, 
then     1  7  Qc  =  Torque  power  coefficient  of  four-bladed, 
and  H.  P.  =  ^  ^ 

Torque  coefficient 

Then  for  the  same  engine  and  flight  conditions  H.  P.  and  «are 
constant,  so  that 


._  -_ 

I  orque  power  coefficient 

or  Diam.  of  four-blader          i  i 

Diam.  of  two-blader  ~~   170*  ~  I'no 
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and  in  certain  types  of  aeroplane  considerations  of  aerodynamic 
and  constructional  efficiency  require  minimum  airscrew  diameter. 
In  addition,  because  of  the  reduction  in  diameter,  the  blades 
of  a  four-bladed  airscrew  can  be  made  thinner  and  more  efficient 
without  increasing  the  maximum  stress  in  the  airscrew,  while  it 
is  possible  to  obtain  better  static  and  aerodynamic  balance, 
combined  with  more  uniform  torque  transmitted  in  the  case  of 
the  four-bladed  airscrew.  The  advantage  of  either  a  four-bladed 
or  a  two-bladed  airscrew  for  any  particular  machine  thus  depends 
upon  outside  influences,  but  from  an  airscrew  efficiency  stand- 
point the  two-blader  is  always  preferable. 

The    Variation    of    Section    along    the    Blade.  — In   the 

practical  design  of  airscrews  it  is  convenient  to  consider  elements 
at  seven  sections  along  the  blade,  these  sections  being  at  '15,  '30, 
•45,  '6,  75,  '9,  and  '95  of  the  tip  radius,  and  the  contour  of  the 
blade  between  the  points  is  obtained  by  keeping  the  '  lines '  of 
the  airscrew  smooth  and  free  from  sudden  irregularities.  The 
relative  uniformity  of  change  of  section  throughout  the  airscrew 
can  vary  these  '  lines '  completely,  and  since  any  sudden  changes 
of  contour  will  interfere  with  the  free  flow  of  air  over  the 
airscrew,  the  shape  and  dimensions  of  the  sections  at  the  radii 
considered  must  be  assumed  with  due  regard  to  this  feature. 
The  absolute  dimensions  of  the  sections  are  fixed  by  stress 
considerations,  but  for  average  airscrews,  where  the  thrust 
developed  is  moderate,  the  sections  are  of  the  family  discussed 
in  Chapter  II.,  and  the  cambers  are  as  shown  in  the  table : — 

Radius  of  section         '15        '3        -45       '6        -75       -9        '95 
Top  camber  -35         '20      '16      '14      '12      'io      "09 

Bottom  camber         -  '15    -  '05 

The  cambers  of  the  sections  '15  and  '3  have  little  effect  upon  the 
overall  aerodynamic  characteristics  of  the  blade,  and  are  chosen 
from  stress  considerations.  The  outside  five  sections  may  be 
made  thinner  in  airscrews  of  (Blade  Width  /Diameter)  ratio 
greater  than  '09,  and  should  be  stiffened  for  airscrews  that  are 
narrow  in  proportion  to  the  diameter.  It  will  be  found  that 
these  values  can  be  used  for  the  aerodynamic  design  of  an 
airscrew,  and  the  sections  increased  in  camber  if  found  to  be 
weak  by  the  stress  analysis,  without  any  appreciable  effect  upon 
the  aerodynamic  characteristics.  Also  the  sections  can  be 
altered  slightly  to  obtain  smooth  '  lines '  when  drawing  the 
airscrew  without  affecting  these  characteristics,  and  so  for 
design  purposes  we  can  assume  these  sections  as  being  suitable 
for  all  usual  types  of  airscrews,  any  subsequent  modifications 
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made  necessary  by  particular  conditions  or  requirements  having 
little  effect  upon  the  aerodynamic  features.  In  airscrews  where 
the  diameter  is  kept  as  low  as  possible  to  satisfy  aeroplane 
requirements,  it  is  convenient  to  use  sections  with  slight  concave 
under  camber.  In  general,  such  airscrews  are  wider  in  propor- 
tion to  diameter,  and  it  is  sufficient  to  keep  the  top  camber  at 
the  sections  the  same  and  on  the  first  four  outside  sections  to 
hollow  out  the  under  side  with  a  maximum  camber  of  TV  The 
calculations  and  blade  analysis  may  be  performed  regarding  the 
under  surfaces  as  flat,  and  the  power  absorbed  and  developed  as 
calculated  should  be  multiplied  by  a  correction  factor  =  no  to 
obtain  the  actual  values,  in  the  case  of  maximum  under  camber. 

Variation  of  Blade  Angle  along  the  Blade. — From  theo- 
retical investigation  we  obtained  the  relation  that  the  airscrew 
characteristics  are  independent  of  the  pitch  variation  along  the 
blade  for  airscrews  of  the  same  mean  face  pitch  PF.  In  practice 
this  is  not  quite  true,  but  the  variation  is  slight,  and  the  optimum 
value  of  airscrew  efficiency  occurs  when  the  slip-stream  velocity 
is  constant  or  P0  is  constant  over  the  blade,  according  to  experi- 
mental results.  Under  practical  conditions,  when  the  airscrewr 
is  mounted  in  an  aeroplane  and  the  air  flow  is  affected  by 
adjacent  objects,  it  is  found  most  suitable  to  keep  the  face  pitch 
constant  over  the  effective  portion  of  the  blade  or  to  decrease  it 
towards  the  boss. 

The  first  four  sections  represent  the  most  effective  part  of  the 
airscrew  blade,  and  these  sections  should  have  the  same  value  of 
face  pitch.  The  blade  angles  of  the  root  sections  are  in  general 
fixed  by  the  dimensions  of  the  engine  coupling  and  stress  con- 
siderations, and  have  little  effect  upon  the  aerodynamic  efficiency 
of  the  airscrew,  and  while  the  section  at  '45  radius  should  have 
a  face  pitch  approximating  closely  to  the  mean  face  pitch  of  the 
tip  sections,  the  sections  at  '3  and  '15  should  be  designed  from 
stress  considerations  rather  than  for  aerodynamic  efficiency.  In 
tractor  machines  where  the  aeroplane  body  and  engine  is  in  the 
slip  stream  of  the  propeller  it  is  frequently  advantageous,  from 
the  machine  efficiency  standpoint,  to  reduce  the  blade  angles  of 
the  inside  sections  and  thereby  reduce  the  relative  air  velocity 
past  the  body,  and  thus  the  resistance  of  the  machine.  In 
airscrews  where  the  face  pitch  varies  along  the  blade  the  value  of 
the  mean  face  pitch  should  be  taken  as  the  mean  of  the  face  pitch 
values  at  the  four  tip  sections,  the  remaining  portion  of  the  blade 
being  neglected. 

Mean  Face  Pitch — From  the  theoretical  investigation  we 
obtain  the  following  results  : — 
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The   maximum   efficiency   of  an    airscrew    of   face 
pitch  PP  is  obtained  at  a  value  of  the  effective  pitch 
=  '93  PP  approximately. 

2.  The  Torque  Horse-power  Co-efficient  of  an  air- 
screw has  its  maximum  value  when  the  forward 
velocity  is  zero,  and  decreases  with  the  Effective 
pitch/Diameter  ratio  as  shown  in  Fig.  21,  so  that  when 
the  Effective  pitch  =  PP  the  T.  h.-p.  co-efficient  is 
about  §  of  that  when  stationary. 

These  results  agree  very  closely  with  those  obtained  in 
actual  full-size  airscrews  under  practical  conditions  of  flight,  and 
from  them  we  can,  in  conjunction  with  the  consideration  of 
typical  engine  performance,  obtain  particulars  that  will  enable 
us  to  decide  upon  the  choice  of  face  pitch  for  an  airscrew 
required  to  work  over  a  certain  speed  range.  For  the  sake  of 
example  we  may  consider  that  a  machine  is  fitted  with  an 
engine  with  normal  revolutions  =  1200  r.p.m.  at  which  speed  it 
gives  200  brake  horse-power,  and  that  these  r.p.m.  must  not  be 
exceeded  in  actual  flight.  The  required  speed  range  of  the 
aeroplane  is  from  50  to  120  miles  per  hour.  Since  the  engine 
revolutions  must  not  exceed  20  per  sec.,  and  the  revolutions 
increase  with  the  machine  speed,  our  airscrew  dimensions  may 
be  considered  from  the  top  speed  considerations.  We  may 
consider  three  airscrews  which  differ  in  the  value  of  mean  face 
pitch,  and  which  satisfy  the  condition  that  at  the  forward 
velocity  of  120  m.p.h.  the  airscrew  must  absorb  200  horse-power 
at  1 200  r.p.m.  The  airscrews  will  be  chosen  so  that  at  the  top 
speed,  A  will  be  working  at  a  negative  angle  of  attack,  B  at 
zero  angle  of  attack,  and  C  at  a  positive  value  of  angle  of 
attack. 

From  the  shape  of  the  typical  efficiency  curves  shown  in  the 
preceding  chapter  (Fig.  20)  it  should  be  anticipated  that  A  will 
give  the  highest  value  of  mean  efficiency  throughout  the  speed 
range,  and  the  highest  efficiency  at  low  speeds,  and  C  the  highest 
efficiency  at  high  speeds. 

For  convenience  we  may  assume  as  a  preliminary  that  the 
diameter  of  all  three  airscrews  will  be  the  same  and  =  10*5  ft. 

Then  at  top  speed  in  each  case 


V,  176 


=  -84 


n  D       20  x  io'5 

And  hence  we  may  assume  the  following  values  of  the    ratio 
p 

for  the  three  airscrews  : — 
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A  =  -73  so  that  PF  =     7  '66  ft. 
B  =  -84       „      PF  -     8-8  ft. 
C  =  -96       „      PF  =  io'i  ft. 

Before  proceeding  further  we  may  discuss  the  types  of  air- 
screw A,  B,  C  would  represent,  to  show  that  it  is  practicable  to 
have  three  airscrews  for  the  same  engine  of  such  difference  in 
pitch  but  of  the  same  diameter.  The  requirements  at 


are  that  an  airscrew  io-5'  in  diameter  absorbs  200  horse-power  at 
1  200  r.p.m.,  so  that  at  top  speed  the 

H  P 

Torque  horse-power  coefficient  Qc  =  —'-=-! 

tfl  D° 


=  io~7  x  i'96 

By  comparison,  from  Fig.  21,  for  airscrew  A, 

p  y 

An  airscrew  of  10'  diam.  with  -p-=  '73  at  — a-  =  '84,  of  constant  blade 

width  =  —  absorbs  at  n  —  20,  138  H.  I',  so  that 

12  — .^— — 

T.  H.  P.  coefficient  Qc  =      0138 —    =  io~7  x  1725 

20-5    X     10° 

so  that  to  absorb  the  required  horse-power  the  airscrew  A  should 
be  of  constant  blade  width 

D       1-96          D     ,  .  ,   •  .    ,  , 

=  —  x  — - — -  =  —  which  is  a  practicable  airscrew. 
12       1-725       9-5 

For  airscrew  B,  we  find  in  the  same  manner  that  the  10'  air- 

p 
screw   of  -yy  =  '84   absorbs    205    horse-power   under  the   same 

conditions,  so  that 

T.  H.  P.  coefficient  =       /°5     .  =  IQ-?  x  2-56 

206    X    10°        

and  if  the  airscrew  is  made  with  linear  grading  similar  to  Type  I, 
Fig.  17,  the  airscrew  will  have  a  (max.  blade  width/diameter) 
ratio  of  about  -o8. 

With  airscrew  C  in  the  same  way  a  10'  diameter  airscrew  of 
p 

-jj  =  '96  under  these  conditions  would  absorb  280  horse- 
power, and  an  airscrew  of  linear  grading  Type  3,  Fig.  17,  with 
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maximum  blade  width  =  —  would  be  suitable  for  the   engine 

requirements.  This  analysis  is  performed  in  order  to  show  that 
it  is  a  reasonable  assumption  to  make,  that  the  three  airscrews 
can  all  be  of  IO'5'  diameter. 

The  efficiency  characteristic  curves  for  the  three  airscrews 
can  be  drawn  by  comparison  from  Fig.  21,  and  the  torque  horse- 
power absorbed  curves  can  be  drawn  from  Fig.  22  in  conjunction 


FIG.  24.  —  Characteristic  Curves  of  Three  Airscrews  varying  in  Face  Pitch  only. 

with  the  correction  figures  arrived  at  by  the  blade  width  dimen- 
sions, or  the  characteristic  curves  can  be  drawn  by  direct 
calculation  from  the  blade-element  theory.  For  this  investiga- 
tion the  form  of  the  power  absorbed  curves,  and  the  variation  of 
power  absorbed  with  the  working  conditions,  are  of  the  chief 
importance,  and  the  curves  drawn  in  Fig.  24  are  obtained  to 
within  a  sufficient  degree  of  approximation  by  extrapolation. 
From  these  curves  it  is  possible  to  read  off  the  efficiency  and 


V 
power  absorbed  at  various  values  of  —  ^ 


In  the  first  case,  we 
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will  assume  that  the  power  of  the  engine  is  constant,  and 
independent  of  the  engine  revolutions.  With  this  assumption  it 
is  a  simple  matter  to  obtain  the  engine  revolutions  at  the  various 

V 
values  of  — i  since  horse-power  absorbed  by  airscrew   oc  n3  and 

hence  engine  revolutions 

/  200  \i 

"  I20° x  (inO 

the  following  results  are  then  tabulated  : — 


V, 

«D 

H.  P. 

absorbed 

n 

Efficiency 

Vj 
ft.  sec. 

V, 

m.p.h. 

"84 

2OO 

I.2OO 

7' 

I76 

1  2O 

A. 

7 

•6 

290 

345 

1,  060 
1,000 

•8i5 
•810 

130                    88-5 
I05                 7J>5 

'5 

385 

964 

75 

84'4             57*5 

^  *4 

400 

952 

•625 

66-6 

45  'o. 

-84 

200 

1,200 

•82 

176 

1  20 

7 

250 

1,1  IO 

•       -82 

136 

93 

B  - 

•6 

280 

1,070 

78 

112 

76. 

'5 

300 

1,050 

70 

92 

63. 

V  "4 

300 

1,050 

"57 

73  '5              50- 

r-84 

200 

I,2OO 

•84 

176                i  20. 

7 

225 

1.15° 

•8  1 

141 

96. 

c. 

•6 

240 

1.13° 

74 

119 

81 

'5 

240 

1,13° 

•65                 99                 67-5- 

.  '4              240 

1.13° 

•S2                 79 

54 

From  these  results  Fig.  25  is  constructed,  and  from  it  we  cani 
see  that  for  speeds  below  90  m.p.h.  A  is  the  most  efficient,  B  is. 
most  efficient  for  speeds  between  90  and  no  m.p.h.,  while  C  has. 
the  highest  efficiency  at  top  speeds.     Under  these  circumstances, 
for  the  machine  assumed,  a  mean  between  airscrews  A  and  B; 
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would  be  chosen  for  the  best  all-round  efficiency,  the  final 
decision  depending  on  the  relative  advantages  of  increased 
speed  or  rate  of  climb  for  the  machine  requirements.  In  actual 
practice  no  aero  engine  gives  constant  power  irrespective  of  the 
engine  revolutions,  and  the  Power  curve  connecting  engine 
B.  H.  P.  and  revolutions  varies  with  the  type  of  engine,  a  typical 
power  curve  for  an  engine  of  200  horse-power  at  normal  revolu- 
tions 1 200  r. p.m.  being  shown  in  Fig.  26.  With  the  falling-off 
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FIG.  25. — Efficiency  Curves  of  Airscrews  A,  B,  C,  assuming 
Constant  Engine  B.  H.  P. 

in  engine  power  with  the  decrease  in  revolutions  of  the  airscrew 
it  is  obvious  that  the  actual  thrust  developed  by  airscrews  A,  B, 
and  C,  when  fitted  to  such  an  engine,  depends  upon  the  airscrew 
revolutions  and  corresponding  B.  H.  P.,  as  well  as  upon  the 
airscrew  efficiency.  A  comparison  of  the  effects  of  the  engine- 
power  variation  can  be  shown  by  tabulating  values  for  the  three 
.assumed  airscrews  as  shown  below. 

The  airscrew  revolutions  corresponding  to  a  particular  value 
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of  ^j  can  be  found  either  by  trial  and  error,  or  by  constructing 
curves,   since    for    any  value  of  ^  in  the  same  airscrew,  the 

horse-power  absorbed  varies  as  #3,  a  curve  connecting  the  power 
absorbed  with  the  airscrew  revolutions  can  be  drawn  as  shown 
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FIG.  26. — Typical  Aero  Engine  Power  Curve. 

in  Fig.  26  ;  where  this  curve  meets  the  power  curve  the  ordinates 
of  the  point  of  intersection  give  the  power  absorbed  and  airscrew 

revolutions  corresponding  to  the   particular  value   of  — ^.     In 

general,  this  can  be  found  by  trial  and  error  without  elaborate 
methods  of  mathematical  manipulation.  The  table  is  con- 
structed as  follows  : — 

Column   i  =  — J  assumed  at  convenient  values. 
n  D 

Column  2  =  Horse-power  absorbed  by  airscrew  at  normal  revolu- 
tions =  1200  r.p.m.,  found  either  by  calculation  or  approximately  from 
Fig.  24. 

H 
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Column  3  =  Airscrew  revolutions  at  which  the  power  absorbed  by 
the  airscrew  is  the  same  as  the  power  developed  by  the  engine,  this 
being  found  from  a  comparison  of  column  2  with  the  engine  power  curve. 

Column  4  =  Engine  B.  H.  P.  at  these  revolutions. 

Column  5  =  Airscrew  efficiency  found  by  calculation  or  from  Fig.  24. 

Column  6  =  Forward  velocity  corresponding  to   the  value   of   -J- 

n  D 
and  airscrew  revolutions  calculated. 


Column  7  =  Thrust  developed  = 


Engine  B.H.P.  x  Efficiency  x  55olb. 


Column  8  =  Corresponding  speed,  miles  per  hour. 
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Fig.  27  is  drawn  with  the  thrust  as  ordinate  against  the  speed 
as  abscissae,  and  since  the  thrust  depends  upon  the  engine  B.H.P. 
and  the  airscrew  efficiency,  for  the  purpose  of  comparison  this 
represents  the  overall  efficiency  of  airscrew  and  engine  as  affected 
by  the  airscrew.  From  these  curves  we  note  that  the  airscrew  B 
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has  the  highest  value  of  mean  efficiency  throughout  the  speed 
range,  and  airscrew  A  the  lowest.  Comparing  these  results  with 
those  obtained  from  Fig.  25,  it  will  be  seen  that  the  effect  of  the 
decrease  in  engine  B.H.P.  with  decrease  in  airscrew  revolutions  is 
to  improve  the  overall  efficiency  of  the  higher  pitch  airscrew  in 
comparison  with  the  airscrew  of  lower  face  pitch. 

Hence,  in  deciding  upon  the  type  of  airscrew  that  will  give 
the  best  value  of  overall  efficiency  throughout  the  desired  speed 
range  it  is  necessary  to  consider  the  power  absorbed  curve  in 
conjunction  with  the  engine  power  curve,  in  addition  to  the 
curve  of  airscrew  efficiency. 
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FIG.  27. — Thrust  developed  by  Airscrews  A,  B,  C,  when  fitted  to 
the  same  Engine. 


CHAPTER   VII. 

STRESS  CALCULATIONS  OF  TYPICAL  AIRSCREWS. 

Nature  of  Stresses  in  an  Airscrew. — In  any  airscrew 
when  rotating  and  giving  a  positive  thrust,  the  stresses  set  up 
may  consist  of 

(1)  Bending  Stresses  due  to  the  thrust. 

(2)  Tensile  Stress  due  to  centrifugal  forces. 

(3)  Shearing     and     Torsorial     Stresses    across    the 
airscrew  blade  due  to  the  variation  of  aerodynamic 
loading  across  an  aerofoil  section. 

In  the  practical  consideration  of  airscrew  stresses,  the  com- 
plete analysis  of  the  total  stress  due  to  these  three  force 


FIG.  28. — Forces  at  Airscrew  Section  due  to  Aerodynamic  Loading. 

components  is  too  complex  to  be  attempted,  and  it  is  general  to 
consider  the  stresses  due  to  each  force  separately.  By  making 
certain  assumptions  it  is  possible  to  form  an  analysis  which  will 
enable  us  to  calculate  values  of  the  stresses  for  the  first  two  sets 
of  forces,  which  are  comparable  to  the  actual  stresses  set  up,  but 
the  stresses  due  to  variation  of  aerodynamic  loading  across  the 
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airscrew  blade  cannot  be  considered  by  a  convenient  mathe- 
matical interpretation,  and  are  usually  kept  within  safe  limits  by 
experience. 

Bending  Stresses.  —  At  any  section  of  the  propeller  the 
forces  acting  due  to  aerodynamic  reactions  are  as  shown  in 
Fig.  28,  where 

LF  =  ^C^rKyW3 

as  in  Chapter  I. 

DF  -  PC</rKxW3 
g 

The  Resultant  Force  due  to  the  aerodynamic 
loading  =  RP  =  (LP2  +  De*)4  and  acts  at  an  angle  Y  to  the 
air  path.  The  chord  line  of  the  section  is  inclined  at  an  angle  i// 
to  the  air  path,  so  that  the  resultant  force  is  inclined  at  an  angle 
90°  +  (Y°  -  T//°)  to  the  chord  line  of  the  section.  In  general,  the 
value  of  Y°  -  i/>°  for  all  working  conditions  is  sufficiently  small 
to  be  considered  negligible,  and  hence  as  a  first  approximation 
we  may  consider  the  resultant  force  to  be  normal  to  the  chord 
line  at  any  section.  The  angle  of  inclination  of  the  chord  line 
to  the  plane  of  rotation  (the  blade  angle  A)  varies  along  the 
blade,  and  hence  the  resultant  aerodynamic  forces  at  various 
sections  are  not  parallel  to  one  another.  For  convenience  in 
calculation  it  is  assumed  that  the  line  of  action  of  RF  lies  in  the 
same  plane  throughout  the  airscrew  blade,  and  is  normal  to 
chord  line  of  the  section  at  any  radius,  and  then  the  airscrew 
blade  may  be  considered  as  a  cantilever  of  varying  cross  section 
with  a  bending  load,  normal  to  the  plane  face,  which  varies 
uniformly  from  boss  to  tip. 

Then  if  RF  is  the  resultant  force  on  any  element  at  radius  r, 
the  Bending  Moment  at  any  section  at  radius  r^ 
=  RF  (r  -  rx) 

Also  RF  =  (LF2  +  DF2)  3 


so  that  bending  moment  due  to  element  at  radius  r 
=  RF  (r  -  r,) 

0  „  V,3  Kv   /  I  \*  ,  x      , 

~  -  C  -  -9-5  -  (  I  +  —  }   (r  -  rjdr 
g      sin2  a   \        yV 

=  dM.  say 
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And   the  total  bending  moment  at  any  radius  r^  due  to  the 
loading  from  rl  to  the  tip, 

Tjp^ 

™  dr 


i 


dr 


J     g      sin3  0 

TL 

In  general,  this  expression  can  only  be  integrated  by  graphical 
methods,  and  to  show  convenient  methods  of  setting  out  the 
calculations,  the  stresses  will  be  calculated  completely  for  two 
conditions  of  flight  for  the  airscrew  analysed  in  Chapter  IV.,  in 
one  case  where  the  effective  pitch  =  face  pitch  and  also  when  the 
airscrew  is  revolving  on  the  ground  with  no  translational  velocity, 
the  inflow  velocity  being  assumed  as  Vl  and  equal  to  half  the 
slip-stream  velocity,  and  then  W  =  absolute  velocity  of  section 
relative  to  the  air 

V  V 

sin  6       cos  0 

The  analysis  is  arranged  in  tabular  form  as  shown,  and  the 
values  of  RF  at  the  usual  sections  are  calculated. 

From  the  calculations  in  Chapter  IV.,  the  torque  horse-power 
absorbed  by  the  airscrew  at 

«D  =  D 

is  200  horse-power,  and  when  stationary  300  horse-power,  and 
hence  we  may  assume  that  when  fitted  to  a  200  horse-power 
engine  the  airscrew  will  revolve  at  1200  r.p.m.  when  flying  all 
out,  and  at 

1200  x    A/^00  =  1050  r.p.m.  on  ground, 

and  the  stress  calculations  will  be  performed  for  these  particular 
values,  the  assumed  value  of  Vx  when  stationary  being 

=  '52  n  D  =  91  ft./sec. 

corresponding  to  a  value  of  10*4'  for  P0  the  experimental  mean 
pitch. 

Having  found  the  value  of  RP  the  total  aerodynamic 
reaction  on  a  blade  element  at  any  radius,  it  is  possible  to 
obtain  the  value  of  the  bending  moment  at  the  various  sections 
by  more  than  one  method,  but  the  tabular  form  shown  is  very 
convenient. 
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The  absolute  values  of  the  radii  in  feet  are  arranged  in  one 

j^ 

column  with  the  corresponding  values  of  -7-^  or  the  aerodynamic 

loading  per  unit  length  of  the  element  at  the  section  considered. 
Then,  by  considering  the  sections  in  turn,  the  values  of  r  —  r^ 
for  each  of  the  sections  analysed,  referring  to  the  particular 
section,  can  be  obtained  by  simple  arithmetic.  From  the  values  of 

•D 

—  and  r  —  r^  the  bending  moment  at  the  section  considered  due 
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FIG.  29. — Bending  Moment  Curves  for  Airscrew  when  flying  at 
designed  Speed. 

to  the  loading  at  each  of  the  sections  analysed  can  be  obtained, 
and  the  values  of 

^M  _  RF,    _     . 

are  tabulated  as  shown. 

The  values  of  —j—  are  then  plotted  as  ordinates  against  the 

value  of  r  as  abscissas  and  the  curves  drawn  through  the  points 
obtained,  forming  a  series  of  closed  curves  with  the  horizontal 


io8  A  TREATISE  ON  AIRSCREWS 

base  equal  to  (Tip  radius  -  Radius  of  section  considered),  and 
the  area  of  each  of  these  curves  to  a  suitable  scale  represents 

TIP 

/    (~  d  r 
J      dr 

f\ 

that  is,  the  total  bending  moment  at  the  section  at  radius  ^  due 
to  the  aerodynamic  loading  from  radius  r^  to  the  airscrew  tip. 

For  convenience,  the  curves  are  drawn  as  shown  in  Figs.  29 
and   30  with  the  horizontal  scale   expressed   in   terms   of  the 
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FIG.  30. — Bending  Moment  Curves  for  Airscrew  revolving  without 
Forward  Motion. 

airscrew  diameter   D    instead    of  the    absolute  radius   of  each 
section.     The  values  of  the  bending  moment  thus  obtained  are 

tabulated  with  the  table  showing  the  values  of  V-  at  the  various 

dr 

sections  due  to  each  of  the  blade  elements  considered. 

The  bending  moments  may  also  be  found  by  drawing  the 
Polar  Bending  Moment  Diagram,  and  this  is  shown  in 
Fig.  31  for  the  case  of  the  airscrew  revolving  while  on  the 
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Load/ 'ft  Run      G fading 
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Bending  Moment    Diagram 


31.— Polar  Bending  Moment  Diagram  for  revolving  Airscrew. 
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ground.  In  the  drawing  office  this  method  may  be  preferred  as 
a  purely  graphical  means  of  obtaining  the  bending  moments  at 
the  sections,  but  the  analytical  method  previously  shown  is  more 
convenient  and  accurate  for  design  purposes.  In  drawing  the 
polar  diagram  the  final  scale  of  bending  moments  will  be  found 
as  follows  :  — 

The  resultant  load  per  foot  run  grading  curve  is  drawn  with 
a  scale  of  Y"  =  I  Ib.  per  foot  run  for  the  ordinates  and  Z"  =  I  foot 
for  the  abscissae.  Considering  any  portion  of  the  blade  (between 
sections  -45  and  *6  say)  the  total  load  is  the  area  of  the  shaded 
portion,  and  the  polar  diagram  is  drawn  with  a  load  scale  of 
Z  Y  sq.  ins.  =  I  Ib.,  the  loads  being  obtained  by  a  direct  calcula- 
tion of  the  areas  between  the  sections  in  the  load/ft,  run  grading 
curve. 

The  pole  O  is  taken  at  any  convenient  point,  and  the  bending 
moment  diagram  is  constructed  from  the  polar  diagram  in  the 
usual  way,  and  if  O  A  in  the  polar  diagram  =  X  ins.  then  the 
vertical  scale  of  B.M.  in  the  bending  moment  diagram  is 


Centrifugal  Stresses.  —  The  centrifugal  stresses  due  to  the 
airscrew  rotation  act  radially  outwards  through  the  C.  G.  of  the 
section  for  any  small  element  of  the  blade. 

If  we  consider  an  element  of  thickness  dr  at  a  radius  r  then 
if  Ar  be  the  area  of  the  cross  section  of  the  airscrew  at  the 
element  in  square  feet,  and  w  the  weight  in  Ibs.  per  cubic  foot  of 
the  material, 

Centrifugal  force  =  -I  —  xArx^^x  —  I  Ibs. 
\g  r) 

on  element  =  d  CF  say. 

The  total  centrifugal  force  at  any  section  is  the  sum  of  the 
centrifugal  forces  due  to  the  elements  from  the  section  con- 
sidered to  the  airscrew  tip. 

The  centrifugal  forces  act  radially  outwards  through  the  C.  G. 
of  the  element,  and  unless  the  C.  G.'s  of  all  the  elements  forming 
the  airscrew  lie  on  a  radial  line  in  a  plane  parallel  to  the  plane 
of  rotation,  the  lines  of  action  of  the  centrifugal  forces  of  the 
blade  elements  will  vary  throughout  the  airscrew. 

Although,  in  general,  the  C.  G.'s  of  the  airscrew  sections  do 
not  lie  on  a  radial  line,  it  is  generally  assumed  that  the  whole  of 
the  centrifugal  forces  for  an  airscrew  blade  act  along  the  same 
radial  line,  and  then 
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Tip 

Total  centrifugal  forces  _   f  w  A  V2  ,          Cd  CF  , 
at  any  section  "  J    ~g     r^"      ~ J  ~dr 

Section 

and  this  integration  can  usually  be  performed  by  the  use  of  area 
measuring  instruments. 

The  calculations  of  the  centrifugal  forces  at  any  particular 
section  may  be  arranged  in  tabular  form,  and  for  the  purpose  of 
showing  a  convenient  method  of  performing  this  we  will  consider 
the  airscrew  previously  analysed  for  bending  forces.  At  any 
radius  r  the  centrifugal  force  due  to  an  element  of  length  dr 

w       V2 
=  ^CF  =  ^rxArx—    x  —  Ibs. 

g         r 

where  d  r  and  r  are  expressed  in  feet 

Ar  is  in  square  feet 
V  is  in  feet  per  second 
w  is  in  pounds  per  cubic  foot 

and  51  =  — -  x  w  x  —  Ibs.  which  may  be  written 

dr         g  r 

^CF   _     .  W  2TTH  r* 

— —    - 

a  r 


Ar  x 

g 

?-r  x 

g 

r 

47T2«2 

J  /-< 

The  value  of  ,  F  therefore  varies  as  the  square  of  the  air- 
screw revolutions  for  the  same  airscrew  under  different  flight 
conditions. 

The  values  of  -^  can  be  calculated  as  shown  in  the  table 
dr 

J  S~t 

below  for  various  sections,  and  these  values  of  —~  plotted  as 

ordinates  with  the  section  radii  as  abscissae,  and  a  curve  drawn 
through  the  points  obtained.  At  any  section  of  radius  r^  the 
total  centrifugal  force 

r  J^*-dr 


=  Area  of  curve  between  the  ordinate  at  radius  r  ,  the 
axis  of  x,  and  the  portion  of  the  curve  extending  to 
the  airscrew  tip. 

These  areas  can  be  measured  by  various  methods,  and  are 
shown  in  the  table,  and  represent  to  a  suitable  scale  the  total 
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centrifugal  force  at  each  section  considered.  In  the  materials 
used  for  airscrew  manufacture  w  usually  varies  from  35  to  50  IDS. 
per  cubic  foot,  and  for  this  example  we  shall  assume  that  the 
airscrew  is  constructed  of  Honduras  mahogany  with  w  =  35  Ibs. 
The  areas  of  the  sections  may  be  measured  by  planimeter  or 
otherwise  from  the  actual  airscrew  sections  as  shown  in 
Chapter  II.,  or  by  the  use  of  an  empirical  formula  (discussed 
later).  The  value  of  n  is  taken  as  20,  corresponding  to  the 
airscrew  revolving  at  i2Oor.p.m.,  and  the  centrifugal  forces  when 
the  airscrew  is  revolving  at  1050  r.p.m.  on  the  ground  will  be 


m 


\I2OO 

•of  these  forces  at  top  speed. 


CENTRIFUGAL  STRESSES  IN  TYPICAL  AIRSCREW. 


D  -  10' 

n  =  20' 


Section 

r  in  feet 
from 
axis  of 
rotation 

Blade 
width 
C 
in  feet 

Section 
camber 
a 
C 

Ar 
sq.  ft. 

dCT 

Area  of 
CF  curve 
from 
section  to 
tip  sq.  ins. 

Total 
Centrifugal 
Force  on 
Section 

dr 
Ibs.  per 
ft.  run 

*95 

475 

•833 

•08 

•0388 

3180 

•405 

405 

*9 

4*5 

•833 

•100 

•0485 

3790 

1-300 

1,300 

75 

375 

•833 

•120 

•0582 

3790 

4^5 

4>I5° 

•6 

3-00 

•833 

•140 

•0679 

3540 

6*92 

6,920 

'45 

2-25 

•833 

•160 

•0776 

3040 

9-33 

9.320 

'3 

1-50 

•833 

"2OO 

under  camber 

'122 

app. 

3180 

11-65 

11,650 

•i5 

75 

•833 

•300 

under  camber 

'200 

app. 

2610 

13*9 

13,900 

o 

0 

14-9 

14,900 

Combined  Effect  of  Bending  and  Centrifugal  Forces.— 
At  any  section  as  shown  in  Fig.  33,  the  bending  forces  due  to 
the  aerodynamic  loading  cause  stresses  along  the  length  of  th-j 
airscrew  blade,  varying  from  maximum  tension  on  the  flat 
under  surface  to  maximum  compression  at  the  maximum 
ordinate  on  the  round  side,  and  from  the  ordinary  formula  for 
.the  bending  of  beams. 
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Scales  of  Fig.  32,  Curve  of  Centrifugal  Force  • 

Vertical        i"  =  1000  Ibs.  per  foot  run. 
Horizontal  \"  —  'i  D  =  i  ft. 
Area  i  sq.  in.  =  1000  Ibs.  centrifugal  force. 
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FIG.  32. — Centrifugal  Force  in  Typical  Airscrew. 


Compression    Side. 


FIG.  33. — Stresses  across  a  Typical  Airscrew  Section. 
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, ,     .  -T  Bending  moment 

Maximum  tensile  stress  =  - 

Section  modulus  for  tension 

M       M 

-  rt  =:  r x  y 

where     I  =  Moment  of  inertia  of  section. 

y  =  Height  of  C.  G.  of  section  above  under-surface. 

,,     .  Bending  moment 

Maximum  compressive  stress  =  - — : - s— . — 

Section  modulus  in  compression 

M  _  M  (a  —  y) 

~T:C~        i- 

Also  with  the  assumption  previously  made,  the  Centrifugal 
Forces  act  radially  outwards  through  the  C.  G.'s  of  the  sections 
and  cause  a  uniform  tensile  stress  at  any  section 

Total  centrifugal  force  at  section  _  Cp 
Area  of  section  Ar 

And  the  maximum  tensile  stress  at  the  section 

=  M  +£* 
Zt       Ar 

the  maximum  compressive  stress  at  the  section 

=  M  _  Cp 
Zc       A,. 

Of  these  total  stresses  the  maximum  tensile  stress  is  the  only 
one  considered  in  practice,  and  calculations  are  performed  for 
this  stress  only.  The  maximum  value  of  tensile  stress  per- 
missible varies  with  the  ultimate  strength  of  the  material  used. 
The  calculations  are  performed  assuming  that  the  airscrew  is  a 
homogeneous  block,  instead  of  being  built  up  of  laminations  of 
wood  which  may  vary  to  a  considerable  extent  in  physical  proper- 
ties, and  this  maximum  value  is  therefore  better  expressed  as  the 
result  of  experience  rather  than  by  direct  deduction  from  ultimate 
strengths  of  timber.  The  values  on  p.  1 15  may  be  considered  suit- 
able. The  maximum  values  of  the  stress  permitted  should  vary 
with  the  airscrew  revolutions,  and  with  the  conditions  of  flight,  to 
allow  for  the  effects  of  airscrew  vibration  and  sudden  variations 
in  the  aerodynamic  loading,  and  the  values  of  maximum  stress 
tabulated  are  taken  from  a  large  number  of  airscrews  which  have 
proved  capable  of  standing  up  to  all  normal  flight  conditions,  and 
represent  the  maximum  values  for  calculated  stresses. 

For  calculating  preliminary  stresses  it  is  convenient  to  have 
approximate  formulae  which  will  express  the  properties  of  the 
airscrew  sections  in  terms  of  the  blade  width  and  the  camber, 
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and  which  may  be  applied  with  a  fair  degree  of  accuracy  to  all 
typical  airscrew  sections. 


TIMBER 

MAXIMUM  TENSILE  STRESS  AT  R.P.M. 

1000 

1200 

I4OO 

i6co 

200O 

Honduras  Mahogany  ) 
French  Walnut 

3500 

3OOO 

27OO 

2400 

2OOO 

American  Walnut   ... 

35°o 

3100 

28OO 

2600 

22OO 

Ash    

3000 

2800 

24OO 

2OOO 



Spruce 

1800 

I6OO 

I4OO 

— 

— 

Maple  (hard) 

2800 

2500 

22OO 

— 

— 

White  Oak  

3400 

3000 

2700 

2400 

200O 

Properties  of  Airscrew  Sections. — If  we  consider  the 
typical  airscrew  section  shown  in  Fig.  33,  it  is  found  that  for  all 

values  of  the  camber  -~  the    following  expressions  are  approxi- 

\-S 

mately  true  : — 

Area  of  section  =  "j  a  C 

Dist.  of  C.  G.  above  chord  line  =  -4  a  =  y 
Dist.  of  C.  G.  from  nose  of  section  =  '425  C  =  x 
M  I  of  section  about  chord  line  =  "158  a3  C 

M  I  of  section  about  neutral  axis  parallel  to  chord  line  =  '046  a3  C 
and  hence  ZT  =  -115  a2  C 

Zc  =  -076  a*  C 

Towards  the  airscrew  boss,  where  in  addition  to  the  top 
camber  the  airscrew  section  has  a  convex  under-surface  of 

maximum  camber  =  =  these  values  are  slightly  altered  and  the 

areas  and  moduli  of  such  sections  can  be  obtained  from  Fig.  34. 
For  different  types  of  airscrew  sections  similar  curves  can  be 
constructed  by  the  analysis  of  various  sections  of  different 
camber. 

The  total  stresses  at  each  of  the  sections  considered  may  now 
be  calculated  for  the  two  assumed  flight  conditions  of  our 
typical  airscrew,  and  it  should  be  noted  that  for  the  section  at 
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T5  tip  radius  the  values  of  ^  and  ^  have  been  assumed  at  '300 

and  TOO  respectively. 

V 

i.  Flying  at  — i-=  PF     n  =  20 
n 


Section 

c 

c 

/. 
c 

Area  in 
sq.  ins. 

ZT 
=  KTA2C 

B.  M.  in 

lb.  ins. 

CF  in 

Ibs. 

Bending 
stress 
B.  M. 

Oentn- 
fugal 
stress 
CF 

Total 
tensile 

stress 

=  Ar 

ins.3 

ZT 

~  AT 

Ibs./ins.2 

Ibs./ins.2 

Ibs./ins.2 

•95 

10 

•08 

— 

5'6 

736 

— 

405 

— 

72 

— 

•QO 

10 

•10 

— 

7-0 

1-150 

156 

1,300 

135 

1  86 

321 

75 

IO 

'12 

— 

8-4 

1-655 

1,056 

4,150 

918 

494 

1,412 

•60 

10 

•14 

— 

9'8 

2-25 

2,736 

6,920 

I,22O 

706 

1,926 

'45 

10 

•16 

— 

I  I  '2 

3'95 

4,938 

9,320 

1,250 

832 

2,o82 

'3 

10 

•20 

•05 

17-50 

6'6o 

7.560 

11,650 

1,150 

665 

I,8l5 

•15 

10 

•30 

•10 

29'OO 

I6'2 

10,290 

13,900 

635 

480 

1,115 

2.  The  airscrew  rotating    on  the    ground  with   no 
translational  velocity. 

In  this  case  n  =  17*5  and 

Centrifugal  Force  (CF)  =  CF  @  ^1  =  PF  x  11^! 

n  20" 

The  stresses  may  then  be  tabulated  as  follows  : — 


Bending 

Centri- 

Section 

c 

ins. 

a 

C 

b 
c 

Ar 

sq.  ins. 

ZT 
=  KT  A2  C 
ins.3 

B.  M. 

lb.  ins. 

CF  in 
Ibs. 

stresses 
_  B.  M. 

ZT 

fugal 
stresses 

Total 

stresses 
Ibs./ins. 

Ibs./ins.2 

Ar 

Ibs.  /ins.2 

•95 

IO 

•08 

— 

5-6 

736 

— 

310 

— 

55 

— 

'9 

10 

•io 

— 

7-0 

I-I50 

270 

I,OOO 

235 

143 

378 

75 

IO 

•12 

— 

8-4 

1-655 

1,  6O2 

3,  1  80 

968 

378 

1,346 

•6 

10 

•14 

— 

9-8 

2-25 

4,116 

5,300 

1,830 

541 

2,371 

•45 

10 

•16 

— 

I  I  '2 

3'95 

7,416 

7,140 

1,  880 

637 

2,517 

'3 

10 

•20 

•05 

I7-5 

6-60 

11,520 

8,930 

i,745 

510 

2,255 

•15 

IO 

•30 

•io 

29-0 

l6'20 

15-720 

11,650 

970 

368 

1,338 
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From  the  analysis  of  this  particular  airscrew  we  find  that  the 
stresses  in  the  airscrew  are  higher  when  the  airscrew  is  rotating 
without  translational  velocity  than  when  flying  in  air,  although 
the  airscrew  revolutions  are  lower  on  the  ground.  This  is  the 
case  with  all  types  of  airscrews  except  those  of  very  high  tip 
speeds,  and  in  practice  it  is  general  to  stress  the  airscrew  for 
flight  conditions  giving  the  maximum  thrust,  except  when  the 
designed  airscrew  speed  exceeds  2000  r.p.m. 


Circular  Section    Area  =•-   '78C(Q.J_b) 


Rati 


•3  ••*  '5  -6  "7  '8 

Bohfom  Convex  Camber  —  _2- 
Top     Convex  Ccxmber         Ct 


FIG  34. — Strength  Characteristics  of  Airscrew  Sections. 

Stresses  across  the  Airscrew  Blade. — The  total  stresses 
produced  by  the  aerodynamic  and  centrifugal  forces  consist  of 
the  tensile  and  compressive  stresses  along  the  airscrew  blade  as 
considered  under  our  assumptions,  and  shearing  and  torsional 
stresses  set  up  by  the  unsymmetrical  nature  of  such  loading.  Of 
these  stresses  the  tensile  stress  is  always  the  greatest,  and  for 
this  reason  the  airscrew  is  always  constructed  with  the  grain  of 
the  timber  forming  it  along  the  length  of  the  airscrew.  The 
resistance  of  timber  to  shear  is  considerably  less  than  its  tensile 
and  compressive  strength  along  the  grain,  and  for  this  reason  it  is 
generally  found  that  airscrews  fail  by  the  tips  splitting  or  under 
shear  force  along  the  grain,  although  this  force  and  intensity  of 
shear  stress  is  considerably  less  than  the  maximum  tensile  stress. 

Effect   of  Laminations  on  Airscrew  Strength. — For  an 
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airscrew  to  remain  efficient  in  service,  it  is  essential  that  it  should 
not  warp  or  twist  under  atmospheric  conditions,  and  it  is  found 
impossible  to  realise  this  with  airscrews  carved  from  a  solid  block. 
Consequently,  most  airscrews  made  of  wood  are  carved  from 
blocks  consisting  of  several  laminations  or  flat  boards  about 
i  inch  thick,  glued  together  to  form  the  required  thickness. 
With  this  construction  the  effect  of  the  glued  joints  must  be 
considered  in  calculating  the  relative  strengths  of  airscrews.  The 
maximum  stresses  are  always  tensile,  and  the  airscrew  is  arranged 
so  that  the  sections  offer  a  maximum  resistance  to  tension  along 
a  radial  line  through  the  centre  of  the  airscrew  blade.  Hence 
the  laminations  are  arranged  so  that  the  boards  are  straight- 
grained,  and  the  direction  of  grain  coincides  with  the  centre  line 
of  the  airscrew ;  the  glued  joints  being  then  parallel  to  the 
direction  of  grain  are  not  stressed  by  the  tensile  forces,  and  the 
strength  of  the  airscrew  is  comparable  to  that  carved  from  a  solid 
block.  The  tensile  strength  of  a  good  glued  joint  is  considerably 
less  (about  T\j-)  than  the  tensile  strength  along  the  grain  of  average 
airscrew  timber,  but  in  compressive  strength,  shear  strength,  and 
tensile  strength  across  the  grain,  is  comparable  with  that  of  the 
airscrew  timber,  and  hence  in  the  strength  calculations  of  air- 
screws, provided  that  the  glued  joints  are  not  in  direct  tension 
from  the  bending  and  centrifugal  forces  the  laminated  airscrew 
may  be  considered  as  a  homogeneous  solid  block,  within  the 
limits  of  variation  of  timber  properties.  The  general  method  of 
arranging  the  laminations  is  shown  in  Fig.  35,  in  all  cases  the 
following  system  of  denoting  the  plan  and  elevation  being 
followed : — 

The  plan  of  an  airscrew  is  the  projection  upon  a 
plane  parallel  to  the  plane  of  rotation. 

The  side  elevation  of  an  airscrew  is  the  projection 
upon  a  plane  parallel  to  a  plane  containing  the  Centre 
Line  of  the  airscrew  in  plain  view  and  the  line  of 
translational  motion  of  the  axis  of  rotation. 

In  Fig.  35  the  axes  have  been  taken  as  follows  : — 
Z  along  the  centre  line  in  both  views ; 
Y  along  the  direction  of  translational  velocity; 
and  X  perpendicular  to  the  x  y  plane. 

With  these  axes  the  universal  practice  is  to  glue  up  lamina- 
tions, as  shown  in  Fig.  35,  so  that  each  glued  joint  is  parallel  to 
the  x  Z  plane,  so  that  in  further  considerations  we  shall  assume 
that  the  typical  airscrew  section  is  built  up  as  in  Fig.  35. 

With  this  construction  it  is  found  that  the  secondary  stresses 
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due  to  bending,  namely,  a  longitudinal  shear  stress  and  a 
transverse  shear  across  the  grain,  are  small  compared  with 
tensile  stresses,  in  relation  to  the  relative  strengths  in  shear  and 
tension,  and  can  safely  be  neglected. 

Stresses  across  the  Airscrew  Section — In  actual  con- 
ditions of  flight  the  C.  G.'s  of  the  airscrew  sections  do  not  lie 
upon  a  radial  line,  and  in  addition  to  the  tensile  and  compressive 
stresses  considered  more  complex  stresses  are  set  up. 

Also  the  thrust  forces  due  to  aerodynamic  loading  act 
through  the  centre  of  pressure  of  the  section  considered,  and 
our  assumptions  for  combined  stresses  are  only  correct  when  this 
centre  of  pressure  coincides  with  the  C.  G.  of  the  section.  The 
position  of  the  ceptre  of  pressure  of  any  aerofoil  section  varies 
with  the  angle  of  incidence  of  the  section,  and  in  the  case  of  the 
average  airscrew  working  over  a  range  of  speeds,  the  angle  of 
incidence  (or  angle  of  attack)  for  any  section  can  vary  from  —  2° 
to  about  10°.  With  the  typical  sections  of  flat  under-surface 
suitable  for  airscrew  sections  it  is  found  by  experiment  that  at 
—  2°  the  C.  P.  is  well  towards  the  trailing  edge,  the  travel  of  the 
C.  P.,  with  slight  change  of  incidence,  being  comparatively  large. 
At  o°  the  movement  of  the  C.  P.  becomes  more  stable  and  is  at 
about  '5  of  the  chord.  As  the  angle  of  incidence  increases  the 
C.  P.  moves  forward,  and  at  about  10°  angle  of  incidence  corre- 
sponding to  climbing  conditions,  the  C.  P.  is  at  '3  of  the  chord 
from  the  leading  edge. 

With  this  travel  of  the  C.  P.  our  assumption  that  for  all 
conditions  of  flight  the  aerodynamic  forces  act  through  the  C.  G. 
of  the  section  fails,  but  since  any  single  force  acting  on  the  section 
may  be  replaced  by  a  single  force  acting  through  the  C.  G.  and 
a  couple  of  magnitude  =  Force  (dist.  of  C.  P.  from  C.  G.)  we 
may  consider  that  for  any  condition  of  flight  the  airscrew  may 
be  considered  to  be  subject  to  bending  stresses  as  found  by  our 
assumptions,  and  torsion  depending  upon  the  relative  positions 
of  the  G.  G.  and  C.  P.  of  the  sections  throughout  the  blade. 
With  this  assumption  it  is  impossible  to  obtain  by  mathematical 
manipulation  a  value  of  this  torque  for  all  possible  working  con- 
ditions, and  the  stresses  are  kept  within  safe  limits  by  the 
results  of  experience,  as  it  is  found  that  the  torque  forces  acting 
can  be  affected  to  a  large  extent  by  the  form  of  the  airscrew 
blade. 

In  the  case  of  the  centrifugal  forces  which  act  at  the  C.  G.  of 
the  element  considered,  radially  outwards  from  the  centre  of 
rotation,  the  tensile  stresses  across  any  section  due  to  a  particular 
element  vary  with  the  position  of  the  C.  G.  of  that  element,  and 


STRESS  CALCULATIONS 


121 


hence,  with  a  series  of  elements  whose  C.  G.'s  do  not  lie  upon  a 
radial  line,  each  element  will  cause  a  different  stress  variation 
across  the  section  considered,  and  the  total  stress  due  to  the  sum 
of  all  these  elements  will  not  in  general  be  uniformly  distributed 
across  the  section.  By  keeping  the  mean  position  of  the  C.  G.'s 
on  the  radial  line  it  is  possible  to  keep  the  centrifugal  stress  at 
any  section  uniform,  but  by  displacing  the  C.  G.  of  the  elements 
successively  in  the  same  direction  it  is  possible  to  cause  the 
centrifugal  stress  to  vary  from  a  compression  on  one  side  of  the 
section  to  a  tension  on  the  other. 


FIG.  36.  —  Garuda  Type  Blade. 


This  is  used  as  a  means  of  reducing  the  total  stresses  in  the 
Garuda  type  of  blade.  In  this  blade  the  tips  are  thrown  forward 
so  that  the  side  elevation  of  the  line  of  C.  G.  is  as  shown  in 
Fig.  36.  The  centrifugal  forces  in  this  type  of  blade  set  up  a 
bending  moment  at  each  section,  and  by  making  the  bending 
moment  at  each  section  due  to  these  forces  equal  in  magnitude 
to  the  thrust  forces  bending  moment  acting  in  the  opposite 
direction,  the  tensile  stresses  along  the  airscrew  blade  disappear. 
This  is  not  a  practicable  proposition,  but  by  throwing  forward 
the  C.  G.'s  towards  the  tip  it  is  possible  to  make  the  mean  value 
of  the  bending  moments  due  to  the  two  sets  of  forces  the  same, 
and  then  the  tensile  and  compressive  stresses  are  greatly  reduced. 
In  an  airscrew  of  this  type  for  the  bending  moments  to  balance 
each  other  under  all  possible  flight  conditions,  the  forward  tilt  of 
the  C.  G.'s  must  vary  with  the  forward  velocity,  and  it  is 
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necessary  that   the   blades   should   possess   a   large   degree   of 
elasticity. 

Summary  of  Airscrew  Stresses. — In  general,  the  total 
stresses  in  an  airscrew  may  be  considered  as  being  made  up  of 
those  due  to  the  thrust  forces  which  cause  a  combined  bending 
moment  and  torque,  and  the  centrifugal  forces  causing  pure 
tension  and  a  bending  moment ;  and  these  reduce  to  tensile  and 
compressive  stresses  along  the  airscrew  blade  and  a  torque, 
causing  shear  stress  across  the  blade  sections.  The  maximum 
stresses  in  tension  and  compression  may  be  calculated  with  the 
assumptions  previously  made,  and  occur  when  the  airscrew  is 
yielding  maximum  thrust. 

The  stresses  due  to  the  torque  couple  of  the  thrust  forces 
vary  with  each  working  condition,  and  are  too  complex  to  be 
calculated  by  ordinary  methods.  The  effect  of  this  stress  is  to 
produce  vibration  and  twist  in  the  blades,  and  the  principal 
cause  of  failure  in  airscrews,  namely,  the  tendency  to  split  along 
the  grain  of  the  timber  towards  the  trailing  edge,  is  also  due  to 
this  stress. 

The  present  method  of  considering  airscrew  stresses  is  to  use 
the  calculated  values,  on  the  assumptions  made,  to  decide  the 
maximum  end-grain  stresses,  and  to  consider  the  cross-grain 
stresses  as  the  results  of  experience  with  various  types  of  air- 
screws. The  consideration  of  these  types  lead  to  conclusions 
which  enable  us  to  predict  the  resistance  of  a  normal  type  of 
airscrew  to  any  possible  stresses,  and  are  discussed  fully  in  the 
next  chapter. 


CHAPTER    VIII. 

STRUCTURAL  CONSIDERATIONS  AFFECTING  AIRSCREW 

DESIGN. 

General  Features. — From  the  discussion  of  airscrew  stresses 
in  the  previous  chapter  we  have  seen  that  in  addition  to  the 
calculated  stresses  there  are  stresses  of  a  complex  nature  across 
any  section  of  an  airscrew,  the  total  effect  of  which  causes  the 
airscrew  blades  to  distort  when  flying.  In  the  design  of  airscrews 
the  blade  dimensions  are  fixed  by  aerodynamic  considerations, 
and  of  these  the  blade  angle  is  the  most  important.  In  the  case 
of  an  airscrew  blade  where  the  aerodynamic  loads  cause  shear 
stress  across  any  section  and  torsion  throughout  the  blade,  it  may 
be  anticipated  that  the  blade  angles  in  flight  may  be  very 
different  to  the  designed  values,  and,  in  consequence,  the 
calculated  values  of  the  airscrew  characteristics  would  be  hope- 
lessly inaccurate.  It  is  found  in  practice  that  the  effect  of  such 
stresses  is  of  the  greatest  importance  upon  the  structural  and 
aerodynamic  features  of  the  blade,  and  a  complete  theory  of 
stresses  in  airscrews  must  include  the  effect  of  torsional  stresses. 

Many  attempts  have  been  made  to  study  these  features  upon 
a  mathematical  hypothesis,  but  so  far  without  success,  and 
physical  experiments  upon  the  torsion  of  airscrew  blades  have 
not  given  conclusive  results.  From  the  standpoint  of  practical 
design  the  results  of  these  stresses  which  most  urgently  require, 
explanation  are — 

1.  Deformation  of  the  blade,  consisting  of  whip  and  twist, 
where  the  whip  of  the  blade  is  the  distortion  in  the  direction  of 
translational    velocity,  and   the  twist  the  alteration    of  blade 
angles  along  the  airscrew  blade. 

2.  Vibration   of  the  airscrew  tips  causing  engine  vibration, 
noise,  and  uneven  torque  and  thrust. 

3.  The  tendency  of  airscrews  to  split  near  the  trailing  edge 
along  the  grain. 

These  features  are  interdependent,  as  the  vibration  and  whip 
are  probably  chiefly  due  to  weakness  in  regard  to  bending  forces, 
while  twist,  some  vibration,  and  the  tendency  to  split  are 
probably  due  to  excessive  stresses  across  the  grain.  In  the 
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aerodynamic  theory  the  factors  determining  the  airscrew  charac- 
teristics are  the  section  dimensions,  and  the  arrangement  of  the 
airscrew  sections  along  the  blade  are  not  considered.  It  is 
possible,  with  the  same  sections  at  the  same  radii,  to  draw  an 
infinite  number  of  airscrews  differing  in  plan  form  and  side 
elevation,  but  theoretically  with  identical  characteristic  curves. 
It  is,  however,  found  in  practice  that  the  plan  form  and  side 
elevation  affect  the  characteristic  curves,  and  the  effect  of  the 
shape  of  the  airscrew  blade  upon  the  aerodynamic  features,  as 
well  as  the  structural  properties,  must  be  considered. 

The  Shape  of  Airscrew  Blades — Tilt  and  Sweep. — In 
an  airscrew  designed  from  purely  aerodynamic  considerations, 
we  may  consider  that  the  blade  widths,  blade  sections,  and 
blade  angles  throughout  the  blade  are  fixed  by  design  theory, 
and  the  possible  variations  in  performance  are  caused  by  varia- 
tion in  the  shape  of  the  blade.  Since  the  section  dimensions  are 
fixed  the  plan  and  elevation  of  the  blade  may  be  specified  by 
the  shape  of  the  line  passing  through  the  C.  G.'s  of  the  sections, 
and  this  may  be  termed  the  Central  Line  (see  Fig.  36).  This 
is  the  most  convenient  line  to  consider,  as  in  the  theory  of 
airscrew  stresses  these  are  assumed  to  be  due  to  (i)  the  effect  of 
aerodynamic  and  centrifugal  forces  acting  at  the  C.  G.'s  of  the 
sections  ;  and  (2)  the  effect  of  eccentricity  of  the  aerodynamic 
loading  and  centrifugal  forces. 

Hence,  since  the  stresses  due  to  the  first  assumption  can  be 
calculated  within  reasonable  limits  of  accuracy,  the  strength 
considerations  to  be  settled  by  experience  are  due  to  the  second 
assumption,  and  the  position  of  the  central  line  in  regard  to  the 
lines  of  action  of  the  forces  at  the  sections  has  the  greatest  effect 
upon  these  stresses. 

It  is  found  by  experiment  that  the  secondary  stresses  which 
produce  the  '  whip  '  and  twist  are  negligible  towards  the  airscrew 
boss,  and  the  only  portion  of  the  blade  which  need  be  considered 
is  the  effective  working  portion  from  mid-radius  to  the  tip,  and 
for  this  portion  the  underside  of  the  blade  is  generally  flat. 

To  consider  the  shape  of  the  central  line  it  is  most  convenient 
to  consider  rectangular  axes  of  reference  O  X ,  O  Y ,  o  Z ,  and 
to  consider  the  projections  of  the  central  line  upon  the  planes 
X  Y ,  Z  Y ,  X  Z.  For  the  practical  considerations  of  the  shape 
of  the  blade,  the  most  convenient  axes  are  those  shown  in 
Fig.  35,  and  in  general  these  will  be  the  ones  assumed.  Attempts 
have  been  made  to  determine  a  mathematical  expression  for  the 
twist  of  airscrew  blades,  using  assumptions  justified  by  experi- 
ment, and  in  this  case  the  axes  assumed  are : — 
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o  z  passing  through  the  axis  of  rotation  and  along  the  direction  of 

the  grain  of  the  timber, 
o  x  parallel  to  the  chord  line  at  the  point  of  maximum  air  load  of 

the  blade, 
o  Y  perpendicular  to  the  plane  z  x. 

With  this  assumption  the  axis  o  z  coincides  with  the  O  z 
previously  taken,  and  the  axis  O  X  is  such  that  the  angle  between 
the  plane  z  o  X  and  the  plane  z  O  X  previously  taken  is  equal 
to  the  blade  angle  at  the  point  of  maximum  air  load  on  the 
blade.  Over  the  portion  of  the  blade  most  affected  by  the 
secondary  stresses  the  blade  angle  rarely  exceeds  25°,  and  the 


YIG.  37. — Movement  of  Centre  of  Pressure  across  an  Airscrew  Blade 
with  Change  of  Flight  Conditions. 

projections  of  the  airscrew  upon  the  planes  are  not  very  different. 
In  the  following  reasoning  the  axes  referred  to  are  those  of 
Fig.  3£.  In  any  airscrew  the  shape  of  the  central  line  may  be 
considered  as  the  projections  upon  the  z  Y  plane  and  the  X  z 
plane. 

The  projection  of  the  airscrew  on  the  X  z  plane  is  the 
plan  form  of  the  blade,  and  the  projection  of  the  central  line 
upon  the  plane.  X  z  is  termed  the  sweep  of  the  blade.  The 
projection  of  the  airscrew  upon  the  z  Y  plane  is  the  side 
elevation,  and  the  projection  of  the  central  line  upon  the  plane 
Y  z  is  termed  the  tilt  of  the  blade.  The  direction  of  the  tilt 
and  sweep  of  an  airscrew  blade  is  referred  to  the  axis  O  Z ,  and 
will  be  referred  to  as  forward  tilt  when  in  the  direction  of 
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forward  velocity  and  backward  tilt  in  the  opposite  direction. 
The  sweep  will  be  referred  to  as  leading  sweep  when  inclined 
towards  the  leading  edge  side  of  the  blade,  and  trailing  sweep 
in  the  opposite  direction. 

Fig.  37  shows  the  plan  and  elevation  of  a  typical  airscrew 
with  the  projections  of  the  central  line  and  of  the  C.  P.'s  of  the 
sections.  From  this  it  would  appear  that  the  sweep  of  the  blade 
has  little  effect  upon  the  end-grain  stresses  of  the  material,  but 
that  it  is  theoretically  possible  to  vary  these  indefinitely  by 
varying  the  tilt  of  the  blade. 

The  Consideration  of  Tilt. — It  would  appear  that  the  most 
efficient  form  of  blade  from  structural  considerations  would  be 
one  with  the  forward  tilt  such  that  the  bending  moments  due 
to  centrifugal  and  aerodynamic  forces  balance  each  other.  As, 
however,  the  aerodynamic  forces  vary  with  the  conditions  of 
flight,  in  any  rigid  blade  these  bending  moments  could  only  be 
eliminated  for  one  particular  flight  condition  and  thrust.  The 
amount  of  forward  tilt  necessary  would  also  cause  considerable 
shear  stresses,  due  to  centrifugal  force,  and  the  sections  could 
not  be  reduced  to  any  great  extent  with  safety,  as  the  variation 
in  thrust  would  produce  serious  whip  and  vibration  in  an  airscrew 
of  this  type. 

In  the  case  of  an  airscrew  provided  with  a  certain  degree  of 
flexibility,  an  increase  of  thrust  would  cause  an  increase  of  the 
forward  tilt,  so  that  by  adjusting  this  flexibility  it  would  be 
possible  to  eliminate  the  bending  moments  at  all  flight  conditions. 
The  Garuda  type  of  airscrew  uses  this  principle,  but  in  practice  it 
is  found  that  in  airscrews  constructed  of  timber,  where  the  shear 
strength  is  considerably  less  than  the  resistance  to  bending  along 
the  grain,  the  degree  of  flexibility  required  can  only  be  obtained 
with  very  large  values  of  shear  stress,  so  that  the  airscrew  will 
twist  and  whip  dangerously  under  the  varying  flight  conditions. 

In  general,  an  airscrew  with  forward  tilt  may  be  constructed 
with  thinner  root  sections,  where  the  bending  stresses  are  of 
chief  importance,  than  an  airscrew  with  no  tilt  or  with  backward 
tilt,  but  the  tip  sections  must  be  made  thicker  to  keep  the  shear 
stress  within  safe  limits,  and  this  type  of  blade  has  less  resist- 
ance to  varying  loads  producing  twist,  whip,  and  vibration. 

Practically  the  most  reliable  form  of  blade  is  found  to  be  that 
which  has  either  no  tilt  or  slight  initial  backward  tilt  that 
disappears  under  flying  conditions. 

The  Effect  of  Sweep. — The  sweep  of  an  airscrew  does  not 
affect  the  bending  stresses  to  any  appreciable  extent,  but  it  is 
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found  that  the  shear   stress  across  the  sections  increases  with 
excessive  sweep  in  either  direction. 

Straightness  of  the  Laminations. — The  tilt  and  sweep  of 
an  airscrew  blade  determine  the  shape  of  the  laminations  in  plan 
view,  and  to  prevent  shear  stresses  along  the  grain  of  any 
lamination  it  is  essential  that  they  should  be  kept  as  straight  as 
possible.  It  will  be  found  that  provided  the  tilt  and  sweep  are 


FIG.  38. 


FIG.  39. 
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in  the  same  direction  with  regard  to  the  leading  and  trailing 
edges,  and  that  neither  is  excessive,  the  laminations  will  always 
remain  fairly  straight,  so  that  the  grain  of  the  timber  may  follow 
the  full  length  of  each  lamination. 

Types  of  Airscrews  used  in  Practice. — Although  almost 
every  designer  of  airscrews  retains  a  different  shape  of  plan  form 
and  side  elevation,  there  are  not  more  than  four  or  five  distinct 


FIG.  40. 
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types,  and  the  advantages  and  disadvantages  of  these  may  be 
compared  from  structural  and  aerodynamic  considerations. 

Type  I. — A  most  generally  approved  form  of  airscrew  is  as 
shown  in  Fig.  38.  With  this  type  the  scale  blade  width  at  the 
various  sections  and  the  maximum  blade  width/diameter  ratio 
may  be  varied  to  a  large  extent  without  affecting  the  typical 
features.  The  main  characteristics  are  that  the  tilt  and  sweep 
are  such  that  the  trailing  edge  is  straight  in  both  views,  that  is, 
the  airscrew  has  trailing  sweep  and  backward  tiit.  With  this 
combination,  and  with  the  sections  of  such  dimensions  that  the 
calculated  stresses  are  within  the  safe  limits  given  previously,  it 
is  found  that  the  airscrew  does  not  whip  or  twist  to  any  serious 
extent,  and  does  not  vibrate  excessively  at  normal  speeds  of 


FIG.  42. 
FIGS.  38-42. — Typical  Blade  Forms  showing  Lamination  Contours. 

revolution.  The  twist  is  such  that  the  calculated  values  of  the 
airscrew  characteristics  agree  closely  with  those  obtained  in 
actual  practice,  and  no  correction  factor  is  necessary,  while  the 
shape  of  the  blade  reduces  the  radial  flow  to  a  minimum.  From 
a  constructional  point  of  view  the  laminations  can  be  kept 
straight  in  plan  view,  and  the  chief  disadvantage  of  this  type  is 
its  tendency  to  split  down  the  trailing  edge  in  flight.  To  avoid 
this  the  trailing  edge  should  be  thickened  at  the  expense  of 
aerodynamic  efficiency  of  the  sections  as  aerofoils. 

Type  2. — As  shown  in  Fig.  39,  the  tilt  and  sweep  of  this  type 
are  such  that  the  leading  edge  is  kept  straight  in  both  views. 
With  this  amount  of  forward  tilt  the  bending  stresses  at  the 
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root  sections  are  reduced,  so  that  these  sections  can  be  made 
much  thinner,  and  a  blade  of  this  type  is  generally  lighter  than 
Type  i.  This  type  of  blade  twists  to  a  great  extent  in  air 
unless  the  sections  throughout  the  working  portion  of  the  blade 
are  excessively  thick,  the  direction  of  twist  being  such  that  the 
blade  angles  are  increased.  Hence  the  calculated  values  of  the 
power  absorbed  and  developed  for  this  type  of  blade  are  less  than 
those  obtained  in  practice,  so  that  the  calculated  values  should 
be  multiplied  by  a  correction  factor  to  obtain  the  true  values,  and 
in  the  case  of  an  average  airscrew  the  value  of  this  correction 
factor  is  ri.  The  radial  flow  with  this  type  of  blade  is  greater 
than  with  Type  I,  and  consequently  this  type  is  not  so  efficient 
and  suitable  for  airscrews  revolving  at  more  than  1400  r.p.m. 
The  laminations  in  this  type  of  blade  can  be  kept  straight,  but 
in  addition  to  the  excessive  whip  and  twist  the  leading  edge 
laminations  have  a  tendency  to  creep  at  the  joints,  due  to  the 
excessive  shear  stress. 

Type  3. — The  main  characteristics  of  this  type  are  that  the 
airscrew  is  symmetrical  in  both  plan  form  and  side  elevation,  as 
shown  in  Fig.  40.  This  implies  slight  backward  tilt  and  slight 
trailing  sweep,  and  it  is  found  that  very  little  whip  and  twist  is 
experienced  with  this  type.  At  the  same  time  very  careful 
proportioning  of  the  sections  is  necessary  to  keep  the  lamina- 
tions straight  in  plan  view,  and  to  prevent  excessive  radial  flow 
at  the  blade  tips. 

Type  4. — The  most  general  form  of  propeller  at  present 
conforms  to  this  type.  The  blade  is  constructed  with  the 
trailing  edge  straight  in  plan  form,  but  thrown  forward  so  that 
the  blade  is  symmetrical  in  side  elevation,  as  shown  in  Fig.  41. 
With  this,  the  blade  has  a  trailing  sweep  and  a  slight  initial 
backward  tilt,  which  disappears  under  the  thrust  in  flight.  This 
blade  does  not  twist  to  any  appreciable  extent  when  designed  to 
be  sufficiently  strong  for  end-grain  stresses,  and  the  tendency  is 
for  the  blade  to  twist  flat,  so  that  the  blade  angles  are  decreased 
when  giving  maximum  thrust.  It  requires  some  care  to  design 
this  type  of  blade  with  straight  laminations,  but  as  the  trailing 
edge  does  not  lie  on  the  same  lamination  throughout  the  blade 
the  tendency  to  split  along  the  grain  is  not  so  pronounced  as 
when  the  trailing  edge  is  straight  in  both  views. 

Type  5. — This  type  of  blade  is  symmetrical  in  plan  form  with 
the  trailing  edge  straight  in  side  elevation,  corresponding  to- 
backward  tilt.  This  blade  has  a  tendency  to  whip  and  twist 
excessively  at  high  speeds  and  thrust,  and  it  is  impossible  to 
keep  the  laminations  straight  in  plan  form  as  shown  in  Fig.  42. 
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Vibration  Speeds  of  Airscrews. — The  vibration  of  an  air- 
screw in  flight  varies  with  the  speed  of  rotation,  and  at  a  certain 
speed,  termed  the  critical  speed  of  the  airscrew,  the 

the  amplitude  of  these  vibrations  tends  to  become  infinite,  and 
the  propeller  disintegrates.  The  value  of  this  critical  speed  is 
therefore  of  great  importance  in  airscrew  design,  as  with  the 
increasing  speeds  of  rotation  of  aero  engines  it  is  possible  for  an 
airscrew  designed  on  the  end-grain  stress  assumptions  to  have  a 
critical  speed  within  the  range  of  the  engine  speed. 

It  is  found  that  the  critical  speed  of  an  airscrew  depends  on 
its  relative  stiffness  in  torsion,  as  well  as  in  bending  under  the 
thrust,  and  since  the  torsional  strength  is  affected  by  the  sweep 
and  tilt  of  the  blade,  the  effect  of  these  must  be  included.  It  is 
found  that  for  a  blade  with  a  large  degree  of  forward  or  back- 
ward tilt  the  critical  speed  of  the  airscrew  is  about  20  per  cent, 
less  than  that  for  a  symmetrical  airscrew  of  the  same  dimensions. 
The  value  of  the  critical  speed  for  a  symmetrical  airscrew  can  be 
calculated  with  the  assumption  that  the  vibrations  are  due  to 
aerodynamic  loading,  and  that  torsional  stresses  can  be  neglected 
within  very  approximate  limits  of  accuracy.  These  calculations 
are  of  a  complex  nature,  and  involve  a  good  deal  of  mathematical 
assumption  and  manipulation.  The  results  can  be  expressed  in 
an  equation  which  is,  in  general,  much  too  complicated  for  use 
in  practical  design  questions.  It  is  found,  however,  that  in  air- 
screws of  various  diameters,  where  the  blade  widths  and  cambers 
at  similar  sections  are  proportional  to  the  airscrew  diameter,  the 
critical  speed  is  inversely  proportional  to  the  airscrew  diameter, 
and  from  actual  experience  with  a  number  of  propellers  it  is 
generally  possible  to  predict  approximately  the  critical  speed  of 
any  new  design  in  terms  of  its  diameter.  Within  the  limit  of 
tip  speed  of  900  ft.  per  sec.  it  will  be  found  that  propellers  of 
normal  proportions,  designed  within  the  limits  of  end-grain 
stresses  given  in  the  previous  chapter,  will  experience  their 
critical  speeds  at  higher  values  than  the  maximum  engine 
speeds. 

The  critical  speed  of  an  airscrew  is  dependent  to  a  large 
extent  upon  the  conditions  external  to  the  airscrew,  such  as 
uniformity  of  engine  torque,  air-flow  disturbances,  and  the 
calculated  values  cannot  include  such  effects.  For  this  reason 
the  values  calculated  from  the  airscrew  dimensions  may  be 
30  per  cent,  too  high  or  too  low,  and  it  is  much  more  satisfactory 
to  consider  the  critical  speeds  from  comparison  with  tested 
types. 


CHAPTER  IX. 

EXTERNAL  INFLUENCES  AFFECTING  AIRSCREW 
PERFORMANCE. 

IN  addition  to  the  influences  of  airscrew  dimensions  upon  the 
aerodynamic  and  structural  features,  which  are  not  considered  in 
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FIG.  43. — Airflow  round  an  Airscrew  mounted  on  Spindle  in 
Wind  Tunnel. 

the  blade-element  theory  there  are  further  disturbing  features 
not  affected  by  the  airscrew  dimensions  which  affect  the 
behaviour  of  the  airscrew  under  flying  conditions.  In  general, 
these  affect  the  airscrew  by  causing  a  disturbance  of  air  flow  in 
the  vicinity  of  the  propeller,  and  although  such  features  cannot 
be  included  in  design  theory,  it  is  possible  by  a  general  dis- 
cussion to  allow  for  them  by  the  use  of  empirical  correction 
factors. 

The  Air  Flow  at  the  Airscrew. — In  the  case  of  an   air- 
screw mounted  on  a  spindle  of  small  diameter  in  a  wind-tunnel, 
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with  the  air  stream  moving  past  at  a  fixed  velocity,  it  is  found 
that  the  air  flow  is  not  affected  to  an  appreciable  extent  by  the 
translational  velocity,  and  is  as  shown  in  Fig.  43,  where  the 
shaded  portion  represents  the  air  velocity.  There  is  a  region  of 
negative  pressure  at  the  boss  on  the  inflow  and  outflow  side, 
which  tends  to  reduce  the  radial  tip  losses,  and  the  slip  stream 
is  in  the  nature  of  a  solid  tube  of  diameter  about  *8  of  the 
airscrew  diameter,  with  a  rotary  motion  in  the  same  direction  as 
the  airscrew  rotation.  Outside  of  this  cylinder  of  air  moving 
with  high  velocity,  the  air  is  disturbed  only  to  a  very  slight 
extent.  The  amount  of  interference  with  the  air  flow  depends 
upon  the  position  of  the  airscrew  with  regard  to  the  machine  to 
which  it  is  fitted,  and  in  general  for  the  aeroplane  with  a  single 
engine,  the  relative  advantages  of  tractor  or  pusher  airscrews 
have  always  been  subject  to  much  speculation. 

The  Tractor  Airscrew. — A  tractor  aeroplane  is  one  in 
which  the  airscrew  is  situated  in  front  of  the  main  planes,  and 
the  airscrew  pulls  the  machine  forward. 

With  this  type  the  inflowing  air  is  free  from  disturbance  due 
to  adjacent  parts  of  the  machine,  and  the  only  interference  is  due 
to  the  presence  of  these  objects  in  the  slip  stream.  These  con- 
sist chiefly  of  the  fuselage  and  portions  of  the  planes  and  under- 
carriage that  lie  within  the  airscrew  disc  area.  Of  these,  the 
fuselage  may  be  considered  most  important.  In  the  case  of  an 
airscrew  of  comparatively  large  diameter,  and  rotating  at 
moderate  speeds,  the  area  of  the  fuselage  immediately  behind 
the  airscrew  will  be  only  a  small  portion  of  the  area  of  the  slip 
stream,  and  the  effect  will  be  to  simply  increase  the  velocity  of 
the  slip  stream  in  the  annular  stream  round  the  fuselage  without 
seriously  affecting  the  air  flow  across  the  airscrew.  Under  these 
circumstances  the  value  of  the  torque  horse-power  absorbed  and 
thrust  developed  will  be  practically  unaffected,  and  the  results 
obtained  by  the  blade-element  theory  may  be  applied  without 
any  correction  factor. 

With  the  present  tendency  of  engine  design,  where  the 
engine  revolutions  are  very  high  and  gearing  is  seldom  resorted 
to,  the  airscrew  diameter  is  small,  and  with  high-powered  engines 
the  area  of  fuselage  behind  the  airscrew  is  comparatively  large. 
For  example,  in  the  case  of  a  modern  radial  engine  developing 
480  horse-power  at  1850  r.p.m.  the  diameter  of  the  airscrew 
cannot  be  more  than  8'  6"  and  the  engine  is  about  3'  9"  in 
diameter.  With  this  combination  a  large  proportion  of  the  slip 
stream  area  is  occupied  by  the  fuselage,  and. consequently  the 
air  flow  is  seriously  interfered  with.  At  any  section  the  effect  of 
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resistance  in  the  slip  stream  will  be  to  cause  a  back  pressure 
effect  through  the  airscrew  disc,  which  will  reduce  the  inflow  air 
velocity  relative  to  the  airscrew.  This  will  reduce  the  effective 
helix  angle  6^  of  the  airscrew  section  path  and  increase  the 
angle  of  attack  i//.  Hence  we  may  consider  that  for  most 
conditions  of  working  where  ;//  for  any  section  is  greater  than 
that  corresponding  to  maximum  efficiency,  the  retarding  effect 
of  the  slip  stream  will  cause  an  increase  of  the  angle  of  attack  ^ 
and  a  consequent  increase  of  the  lift  coefficient  Ky  with  decrease 
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FIG.  44. — Effect  of  Obstruction  in  the  Slip  Stream  upon  the 
Airscrew  Characteristics. 

of  the  aerodynamic  efficiency.  The  retarding  effect  of  the  slip 
stream  will  increase  towards  the  airscrew  boss,  and  the  effect 
upon  the  power  absorbed  and  developed  and  the  efficiency  at 
one  particular  condition  of  working  is  shown  in  the  Fig.  44. 

The  interference  with  the  slip  stream  flow  is  affected  by  the 
shape  of  the  fuselage  immediately  behind  the  airscrew.  With 
water-cooled  engines  it  is  general  practice  to  put  the  radiator  in 
the  nose  of  the  fuselage  immediately  behind  and  very  close  to 
the  airscrew,  as  shown  in  Fig.  45  (£).  The  air  flow  through  the 
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radiator  is  retarded  to  a  considerable  extent,  and  the  boss 
portion  of  the  airscrew  absorbs  power  without  developing  useful 
thrust.  In  the  case  of  radial  air-cooled  engines  and  water-cooled 
engines  where  the  radiator  is  not  placed  in  the  nose  of  the 
fuselage,  the  fuselage  and  airscrew  boss  are  stream-lined  off  by 
means  cf  a  cowl,  as  shown  in  Fig.  45  (a).  With  this  arrange- 
ment the  lines  of  flow  in  the  slip  stream  are  diverted  with  less 
shock,  and  the  retarding  influence  of  the  fuselage  is  lessened. 
The  effect  of  the  fuselage  varies  with  the  ratio  of  fuselage 
diameter  to  the  airscrew  diameter,  and  from  airscrews  designed 
for  different  types  of  machine  the  following  correction  factors 
are  derived  : — 
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In  addition  to  the  effect  of  the  fuselage,  which  is  assumed 
circular  in  section,  there  are  air-flow  disturbances  due  to  the 
presence  of  objects  in  the  slip  stream  not  distributed  symme- 
trically about  the  axis  of  rotation.  These  are  generally 
comparatively  small  objects,  and  do  not  seriously  affect  the 
performance  of  the  propeller,  but  when  the  airscrew  blade  passes 
immediately  in  front  of  such  an  obstruction,  the  retarding 
influence  decreases  the  velocity  of  inflow  at  the  element  affected, 
causing  a  temporary  increase  of  the  aerodynamic  forces.  Con- 
sequently the  torque  power  absorbed  by  the  airscrew  blade  is  not 
constant  throughout  each  revolution,  and  this  causes  vibration 
of  the  airscrew,  which  in  some  cases  has  been  sufficient  to  cause 
fracture. 


The  Pusher  Airscrew. — In  the  pusher  aeroplane  the  air- 
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FIG.  45. — Typical  Arrangement  of  Fuselage  Nose  with 
Tractor  Airscrew. 
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screw  is  situated  behind  the  engine  and  main  planes,  and  the 
machine  is  pushed  forward  from  the- rear. 

With  this  type  the  inflowing  air  must  pass  across  the  main 
planes  and  round  the  fuselage  or  engine  nacelle  before  meeting 
the  airscrew,  but  the  slip  stream  is  generally  free  from  objects 
that  would  affect  the  air  flow.  In  calculating  the  airscrew 
characteristics  upon  the  blade-element  theory,  assuming  the 
inflow  air  velocity  across  the  blades  as  equal  to  the  translational 
velocity  of  the  machine,  it  is  found  that  the  torque  horse-power 
absorbed  is  always  over-estimated,  so  that  an  airscrew  designed 
from  this  theory  may  over-rev,  to  a  considerable  extent. 

This  effect  is  probably  due  to  a  certain  amount  of  inflow 
velocity,  which  reduces  the  angle  of  attack  at  each  section  by 
increasing  the  effective  helix  angle  of  the  relative  path  of  the 
blade  element.  It  is  found  that  the  ratio 

Theoretical  power  absorbed 
Actual  power  absorbed 

V 
for  the  same  value  of  —*   depends  upon  the  interference  effects  of 

adjacent  parts  of  the  machine,  such  as  engine  mounting,  main 
planes,  and  stabilising  fins  between  the  planes,  and  hence  the 
airscrew  design  procedure  for  any  new  type  of  pusher  machine 
is  based  upon  assumptions  of  an  empirical  nature,  which  may 
not  be  accurate  for  the  particular  type.  The  following  are  some 
assumptions  which  give  fairly  accurate  results  for  the  normal 
type  of  pusher  airscrew  : — 

1.  At  any  value  of  the  forward  velocity  Vl  it  is  assumed  that 
the  air  receives  an  inflow  velocity  z/x  before  reaching  the  airscrew 
such  that 

TT-   /A          t   •  j-    \       /-IT-  J  Area  of  airscrew  disc  -  ) 

V,  (Area  of  airscrew  disc)  =  (V,  +  ^  \Areaof  obstructions  in  air  palh| 

and  for  most  types  of  pusher  airscrew  it  is  sufficiently  accurate 
to  assume  that 

vl  +  Vl  =  i  "2  Vj 

The  calculations  for  obtaining  the  power  absorbed  and  developed 
by  the  airscrew  can  then  be  performed  as  shown  in  Chapters  I. 
and  III.  for  the  blade-element  theory  with  inflow  velocity. 

2.  In  the  preliminary  design   of  an   airscrew   for  a  pusher 
machine  it  is  usually  within  possible  limits  of  accuracy  to  design 
the  airscrew  from  ordinary  considerations,  and  to  increase  the 
value  of  the  blade  angle  at  each  section,  such  that  the  Actual 
face  pitch  =  r2  x  Design  face  pitch. 

It  should  be  noted  that  in  designing  a  pusher  airscrew  it  is 
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not  sufficient  to  design  from  ordinary  considerations,  and  to 
increase  the  power  absorbed  by  increasing  the  blade  width  or 
diameter  without  variation  of  the  face  pitch,  as  the  blade  will 
then  be  working  with  very  inefficient  values  of  angle  of  attack  at 
the  various  sections  along  the  blade.  From  assumption  (i)  we 
should  expect  the  inflow  velocity  effect  to  decrease  with  the 
increase  of  airscrew  diameter,  and  it  is  found  in  practice  that  for 
higher  values  of  the  airscrew  diameter  in  relation  to  the  diameter 
of  the  fuselage  or  engine  nacelle  the  difference  between  the 
theoretical  and  actual  airscrew  performance  is  not  as  great. 

The  Relative  Advantages  of  Pusher  and  Tractor  Air- 
screws.— For  single-engined  machines  the  position  of  the 
airscrew  has  been  the  subject  of  much  discussion,  and  at  present 
the  majority  of  machines  are  tractors,  but  for  certain  purposes 
pusher  machines  possess  advantages,  and  a  comparison  of  the 
main  features  of  the  two  types  may  be  used  to  decide  for  which 
purpose  each  is  suitable. 

Airscrew  Efficiency. — We  have  assumed  that  for  the 
pusher  airscrew  there  is  an  inflow  velocity  of  the  air  in  front  of 
the  airscrew  disc  which  may  be  as  much  as  '2  of  the  forward 
velocity  of  the  airscrew.  Under  these  conditions  the  pusher 
airscrew  will  be  much  less  efficient  than  a  corresponding  tractor 
where  the  inflow  velocity  is  negligible,  as  when  absorbing  the 
same  power  under  the  same  conditions  of  aerofoil  efficiency  oi 
the  blade  elements 

Thrust  developed  by  tractor  _  Vl  +  vl 
Thrust  developed  by  pusher  Vj 

as  shown  in  Chapter  I.  for  the  effect  of  inflow  velocity.  With 
this  assumption,  which  experience  has  shown  to  be  reasonably 
accurate  for  the  normal  type  of  aeroplane  under  the  same  flight 

conditions  of  — ^  the  theoretical  efficiency  of  the  pusher  would 

be  about  83  per  cent,  of  the  theoretical  efficiency  of  the  tractor 
airscrew. 

Aerodynamic  Efficiency. — The  effect  of  the  slip  stream 
from  a  tractor  airscrew  upon  the  aerodynamic  properties  of  the 
aeroplane  tend  to  reduce  the  advantage  of  superior  airscrew 
efficiency.  In  the  pusher  machine,  where  the  airscrew  is  situated 
behind  the  main  planes  and  the  fuselage,  the  increased  velocity 
in  the  slip  stream  only  affects  resistance  of  the  tail  and  tail 
fittings,  which  forms  only  a  small  proportion  of  the  total  resist- 
ance. In  the  case  of  the  tractor  airscrew  the  fuselage  and  the 
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most  efficient  portion  of  the  main  planes  are  in  the  slip  stream, 
which  has  a  velocity  of  about  i'2  times  the  forward  velocity  at 

V 
the  best  value  of  — ^    which   usually  corresponds  to  the  flight 

condition  at  top  speed.  The  effect  of  this  high  velocity  stream 
across  the  centre  section  of  the  main  planes  is  to  increase  the  end 
losses,  and  to  reduce  the  overall  efficiency  of  the  planes.  In 
addition,  the  resistance  of  the  machine,  apart  from  the  planes, 
varies  as  the  square  of  the  air  speed,  and  hence  we  see  that  the 
resistance  of  the  parts  in  the  slip  stream  is  increased  to  1-44 
times  that  in  the  undisturbed  air  stream.  In  the  average 
tractor  machine  the  greatest  part  of  the  resistance,  apart  from 
the  main  planes,  is  due  to  the  portion  of  the  machine  within  the 
slip  stream,  and,  in  general,  it  is  found  that  the  increased 
resistance  due  to  the  slip  stream  velocity  in  a  tractor  aeroplane 
counterbalances  the  higher  efficiency  of  the  tractor  as  compared 
with  the  pusher  airscrew. 

Constructional  Features— Limitation  of  Diameter. — In 
the  tractor  type  of  machine,  fitted  with  the  usual  type  of  under- 
carriage carrying  wheels  or  floats,  with  the  centre  line  of  the 
propeller  shaft  approximately  along  the  centre  line  of  total 
resistance,  the  diameter  of  the  airscrew  is  only  restricted  by  the 
height  of  the  under-carriage.  A  slight  increase  of  under- 
carriage height  does  not  affect  the  aerodynamic  efficiency  of  the 
aeroplane  to  an  appreciable  extent,  and  it  is  possible  to  use  an 
airscrew  of  the  diameter  giving  the  most  efficient  form  of  blade 
without  adversely  affecting  the  aeroplane  performance. 

In  the  case  of  the  pusher  machine,  the  arrangement  of  the 
airscrew  behind  the  main  planes  and  in  front  of  the  tail  unit 
presents  difficulties.  Fig.  46  shows  two  methods  of  arranging 
pusher  airscrews,  in  which  (ci)  is  a  typical  machine  with  land 
under-carriage,  and  (b)  is  a  flying  boat.  In  both  of  these  the 
diameter  of  the  airscrew  is  of  necessity  a  minimum,  since  with 
the  land  machine  the  widening  of  the  tail-boom  angle  weakens 
the  structure  and  increases  the  head  resistance,  while  in  the 
flying  boat  increased  diameter  means  raising  the  centre  of  thrust, 
which  is  above  the  centre  line  of  resistance,  with  added  instability 
and  head  resistance.  Hence  we  see  that  while  the  theoretical 
over-all  efficiencies  of  tractor  and  pusher  machines  should  not  be 
very  different,  constructional  reasons  permit  the  tractor  airscrew 
to  be  of  efficient  diameter,  but  generally  limit  the  pusher  to  a 
four-bladed  airscrew  of  small  diameter,  which  reduces  the 
efficiency  of  the  pusher  machine. 

Multi-engined     Machines. — The     modern     tendency     for 
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(5)     Tyft/CQ/  -Seo/b/Q/?g    or    Aeroplane. 


FIG.  46. — Arrangements  of  Pusher  Airscrews. 
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aeroplane  power  plant  is  to  build  larger  machines  with  two  or 
more  engines,  each  driving  its  own  airscrew.  With  this  installa- 
tion there  is  always  mutual  interference  between  the  air  flow 
round  the  airscrews,  which  varies  with  the  position  of  the 
engines. 

For  twin-engined  machines  the  usual  practice  is  for  the 
aeroplane  to  consist  of  a  central  fuselage  with  an  engine  in  a 
separate  nacelle  on  each  side,  between  the  planes,  driving  a 
pusher  or  tractor  airscrew.  In  the  event  of  one  engine  failing, 
the  remaining  engine  tends  to  destroy  the  stability  about  the 
normal  axis.  The  couple  tending  to  turn  the  machine  in  the 
horizontal  plane  away  from  its  line  of  flight,  is  proportional  to 
the  product  of  the  airscrew  thrust  and  its  distance  from  the 
centre  line  of  resistance,  which  is  approximately  the  centre  line 
of  the  machine.  To  reduce  this  the  engines  are  mounted  as 
close  to  the  centre  fuselage  as  possible,  which  limits  the  airscrew 
diameter.  Since  the  airscrew  tip  passes  very  close  to  the 
fuselage  the  blade  experiences  a  disturbance  of  air  flow  when  in 
that  position,  and  this  causes  non-uniformity  of  torque  and 
consequent  vibration.  The  airscrew  characteristics  for  a  twin- 
engine  machine  can  be  calculated  as  in  the  case  of  a  single 
airscrew  with  similar  limitations  for  interference  effects.  The 
directions  of  rotation  of  the  two  airscrews  have  practically  no 
effect  upon  performance,  but  from  the  standpoint  of  machine 
stability  it  is  advantageous  for  the  airscrews  to  rotate  in  opposite 
directions.  At  the  same  time  the  considerations  of  engine 
standardisation  are  against  this,  and  it  is  quite  usual  to  have  the 
airscrews  rotating  in  the  same  direction. 

Tandem  Airscrews. — It  is  now  becoming  common  practice 
in  multi-engined  machines  to  arrange  the  engines  in  pairs,  one 
behind  the  other,  so  that  the  front  engine  drives  a  tractor  air- 
screw and  the  one  behind  a  pusher  airscrew.  The  distance 
between  the  planes  of  rotation  of  the  two  airscrews  is,  in  general, 
comparable  with  the  diameter,  so  that  the  pusher  propeller  works 
in  the  slip  stream  of  the  tractor  propeller  at  the  minimum  area 
and  maximum  velocity  of  the  slip  stream.  Hence,  in  applying 
the  blade-element  theory  to  the  rear  propeller,  the  relative 
velocity  of  the  air  to  any  blade  element  is  dependent  upon  the 
design  of  the  tractor  airscrew.  Also,  in  order  that  the  pusher 
propeller  should  be  completely  inside  the  slip  stream,  its  diameter 
should  be  less  than  the  minimum  diameter  of  the  slip  stream,  or 
about  '8  of  the  tractor  airscrew  diameter.  For  this  reason  the 
pusher  propeller  is  usually  four-bladed  and  the  tractor  two- 
bladed. 
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It  is  impossible  to  lay  down  any  definite  rules  of  design  for 
such  a  combination  of  engines,  but  the  following  typical 
example  will  illustrate  the  method.  The  design  of  the  rear 
propeller  is  largely  guesswork,  as  any  variation  of  revolutions  in 
the  tractor  propeller  will  completely  alter  the  air  flow  across  the 
pusher  airscrew.  In  the  multi-engined  machine  it  is  necessary 
that  failure  of  one  engine  shall  not  cause  the  machine  to  lose  the 
property  of  dynamic  flight,  and  in  the  event  of  the  tractor  engine 
failing,  the  pusher  airscrew  thrust  should  be  sufficient  to  support 
the  aeroplane.  In  the  event  of  the  tractor  engine  failing,  the 
relative  air  velocity  across  the  pusher  airscrew  drops  from  that 
of  the  slip  stream  of  the  tractor  airscrew  to  the  air  speed  of  the 
aeroplane,  and  this  causes  a  big  drop  in  the  pusher  airscrew 
efficiency.  Hence,  it  is  advisable  to  keep  the  slip  stream  velocity 
as  low  as  possible,  and  this  is  maintained  by  keeping  the  pitch 
of  the  tractor  propeller  as  low  as  possible  consistent  with 
efficiency.  The  design  of  the  tractor  airscrew  can  then  be 
proceeded  with  as  usual  by  analysis  from  the  blade-element 
theory,  and  the  engine  revolutions, thrust  and  slipstream  velocity 
found  for  various  forward  speeds  of  the  machine. 

The  velocity  of  the  air  in  the  slip  stream  of  the  tractor  air- 
screw has  a  rotational  component  in  addition  to  the  translational 
velocity,  and  if  we  assume  as  in  Chapter  I.  that  z^  is  the  inflow 
velocity  at  any  particular  blade  element  in  the  plane  of  rotation, 
and  vl  the  translational  inflow  velocity,  we  have  for  the  particular 
blade  element  considered 


g  sin  0 

p  (V  -  z) 

Ml      =    —  \^  1S.V    — 


=  tan  6 


V  -  z 
u  '  y     j 

It  will  be  noticed  that  if  the  tandem  airscrews  rotate  in  the  same 
direction  z^  will  be  positive,  but  if  in  opposite  directions  zl  will 
be  negative. 

For  the  purpose  of  preliminary  design  it  is  sufficient  tp 
assume  that  zl  is  negligible,  that  is,  to  neglect  the  effect  of  slip- 
stream rotation.  The  working  condition  for  which  the  design  is 
analysed  depends  upon  the  requirements  of  the  aeroplane.  If  it 
is  desired  to  obtain  maximum  top  speed  the  pusher  airscrew  is 
designed  to  absorb  normal  power  at  normal  engine  revs,  when 
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working  in  the  slip  stream  of  the  tractor  airscrew  revolving 
at  normal  revs,  at  the  top  speed  of  the  aeroplane.  If  it  is 
desired  that  the  pusher  airscrew  shall  be  used  chiefly  as 
emergency  in  case  of  failure  of  the  forward  engine,  this  airscrew 
should  be  designed  independently  of  slip  stream  considerations, 
and  when  the  two  airscrews  are  used  together  the  pusher  engine 
must  be  throttled  down  to  prevent  over-revving.  For  the 
purpose  of  showing  the  variation  of  thrust  and  efficiency  of  the 
propelling  system  with  various  flight  conditions  we  may  consider 
the  following  typical  example. 

The  machine  is  an  ordinary  land  type  biplane,  and  the  total 
loaded  weight  is  16,000  Ibs.  The  power  plant  consists  of  four 
engines  arranged  in  two  tandem  pairs  on  either  side  of  the 
central  fuselage.  The  normal  horse-power  of  each  engine  is 
360  horse-power,  and  the  corresponding  speed  of  the  airscrew 
shaft  is  1080  r.p.m.,  so  that  the  total  horse-power  is  1440  b.h.p. 
It  is  further  assumed  from  approximate  preliminary  calculations 
that  the  maximum  speed  of  the  machine  is  about  100  m.p.h., 
and  that  it  is  required  to  obtain  high  propulsive  efficiency  at  this 
speed.  From  our  previous  discussion  we  will  assume  that  a 
suitable  airscrew  will  have  a 

Face  Pitch  =  Effective  Pitch  at  Top  Speed, 

and  as  it  is  not  permissible  to  allow  the  airscrew  to  rev.  at  more 
than  1080  r.p.m.  we  get 

Face  pitch  =  Top  speed  in  ft.  per  min. 

r.p.m. 
100  x  f 
1080 

Assuming  as  a  first  approximation  a  diameter  of  13  feet,  and 
calculating  the  airscrew  characteristics,  it  will  be  found  that 
13  feet  will  be  a  suitable  diameter,  and  the  characteristic  curves 
of  the  airscrew  will  be  as  shown  in  Fig.  47. 

From    a    knowledge  of  the  engine-power  curve  it  is  then 

possible  to   obtain  the  engine  revs,   at  various  values   of  —^- 

and  from  this  the  engine  revs.,  efficiency  and  thrust  at  various 
values  of  the  forward  speed,  and  these  are  shown  in  Fig.  48. 

To  obtain  the  face  pitch  of  the  pusher  propeller  we  require 
the  value  of  the  experimental  mean  pitch  of  the  tractor  airscrew, 
and  for  the  pusher  propeller  to  be  working  at  zero  angle  of 
attack  at  top  speed,  the  face  pitch  of  the  pusher  airscrew  should 
equal  the  experimental  mean  pitch  of  the  tractor  airscrew.  This 
is  theoretically  a  satisfactory  condition,  and  from  Fig.  47  we  have 
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Face  Pitch  of  Pusher  Airscrew  =  10  feet. 

and  to  ensure  the  pusher  airscrew  working  in  the  uniform 
velocity  slip  stream  its  diameter  should  not  exceed  10'  6"  which 
is  the  diameter  we  shall  assume  for  a  four-bladed  airscrew,  and 
this  airscrew  must  absorb  360  horse-power  at  1080  r.p.m.  when 
working  in  a  slip  stream  of  a  tractor  propeller  of  10'  experi- 
mental mean  pitch  revving  at  1080  r.p.m.,  that  is,  when  the 
relative  air  velocity  across  the  airscrew  is  180  feet  per  sec.  For 
this  pusher  airscrew  working  in  free  air  the  characteristic  curves 
are  as  shown  in  Fig.  49.  From  the  expressions  for  the  power 
absorbed  and  the  efficiency  at  each  blade  element 


it  is  obvious  that  the  horse-power  absorbed  by  an  airscrew  with 
a  relative  translational  air  velocity  Vl  +  ^  across  the  blades  is 
independent  of  the  amount  of  inflow  velocity,  and  that  the 
efficiency  for  any  value  of  inflow  velocity  under  these  conditions 

=    -  —  1  —  \  Efficiency  without  inflow  velocity  I 
Vj  +  vl  \  f 

Hence  we  see  that  in  a  tandem  system  of  airscrews  such  as 
this  the  pusher  airscrew  is  always  inefficient.  From  the  charac- 
teristic curves  of  the  pusher  airscrew,  and  a  knowledge  of  the 
engine-power  curve,  it  is  possible  to  find  the  r.p.m.  for  any 
condition 


n  D 

and   hence   to   construct    a  curve   of  engine   revs,   and  power 
absorbed  at  various  values  of  Vl  +  vv 

Since  the  value  of  v^  for  any  value  of  translational  velocity 
Vj  can  be  obtained  from  Fig.  48  for  the  tractor  airscrew,  it  is 
possible  to  calculate  the  actual  efficiency  of  the  pusher  airscrew 
when  working  in  the  slip  stream  at  various  values  of  Vl  +  vl  , 
and  hence  to  draw  a  series  of  curves  showing  the  engine  r.p.m., 
power  absorbed,  efficiency,  and  thrust  for  the  pusher  propeller 
when  working  in  the  slip  stream  of  the  tractor  propeller  foi 
various  values  of  the  translational  speed  of  the  aeroplane,  as 
shown  in  Fig.  50. 

From  these  curves,  and  the  curves  of  the  tractor  airscrew,  it 
is  possible  to  show  the  total  thrust  and  the  efficiency  of  the 
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tandem  propellers  on  a  curve  as  in  Fig.  51.  With  the  tractor 
engines  cut  out.the  pusher  propeller  will  be  working  with  a  relative 
air  velocity  Vl  =  speed  of  machine,  and  it  is  possible  from 
Fig.  49  to  obtain  the  airscrew  r.p.m.,  efficiency,  and  thrust  at 
various  speeds.  Applying  these  results  to  the  actual  machine, 
we  have  for  tractor  airscrew 

Face  pitch  =  8' 15'  Diameter  =13' 


and  hence 


FIG.  47. — Tractor  Propeller  Characteristic  Curves. 

and  for  a  normal  type  of  airscrew  Fig.  47  shows  the  airscrew 
characteristics  in  conjunction  with  the  engine-power  curve. 
To  obtain  Fig.  48,  at  a  value  of 


on  Fig.  47,  we  observe  that  horse-power  absorbed  =  480,  and 
efficiency  =  "54.  Since  the  horse-  power  absorbed  at  normal 
revs.  (1080  r.p.m.) 

=  -  —  =  i  '3  3  3  normal  horse-power 
360 

neglecting  the  falling-off  in  engine-power  as  the  revolutions  drop, 
since  horse-power  absorbed  oc  n?  we  have  approximately 


R.P.M.  at  -l  =  1080  x 


=  980  app. 
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Allowing  for  the  falling-off  in  power  with  engine  speed,  we  will 
assume  that  the  airscrew  r.p.m.  at 


«D 
are  950  r.p.m.,  and  then 

Horse-power  absorbed  =  f  -24r-  J  x  4^o 

\io8o/ 

=  328  H.  P. 
and  this  agrees  with  the  horse-power  of  the  engine  at  950  r.p.m. 

Hence   we  can    find   for  various   values   of   —  ^   corresponding 

n  D 

values  of  the  airscrew  speed. 


FIG.  48.  —  Performance  Curves  for  Tractor  Airscrew. 


Since  D  =  13',  n  = 


^-  and  —  l   =  -3 
oo  n  LJ 


6o 
=  62  ft.  sec 


x  -t  ft.  sec.  =   — 2 ?J> P  m  n.n. 

o  o  * 

=  42  m.p.h. 

and  airscrew  efficiency  =  -54 

Power  absorbed  x  Efficiency  x  K 
then  airscrew  thrust  =  — — — 

M 


328  x  '£ 
= 


62-0 
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'47 


Repeating  this  process  for  various  values 


ofi 
n  D 


the 


curves 


in  Fig.  48  can  be  drawn,  showing  the  thrust  developed  by  the 
airscrew  at  various  forward  speeds  of  the  machine.  It  will  be 
noticed  that  the  slip-stream  velocity  at  any  value  of  V1  =  Air- 
screw revolutions  x  Experimental  mean  pitch 

Airscrew  r.p.m.  c. 

=  " x  10  ft.  sec. 

60 


Abaorbod 


P>M 


FIG.  49. — Pusher  Airscrew  Characteristic  Curves. 


The  characteristic  curves  of  the  pusher  airscrew  are  shown  in 
Fig.  49  for  flight  in  undisturbed  air,  the  value  of 


10 


=  '95 


From  these  the  values  of  the  horse-power  absorbed  at  normal 
revolutions  can  be  used  to  find  the  airscrew  revolutions  at  various 
values  of  effective  pitch/diameter  ratio. 

When  working  in  the  slip  stream    of  the  tractor  airscrew 
this  value  is 

Vl  +  vl 
nD 

and  hence  the  value  of  the  power  absorbed  and  airscrew  r.p.m. 
can  be  obtained  for  various  values  of  Vl  +  vr  From  the  curves 
for  the  tractor  screw,  the  value  of  V1  corresponding  to  the  slip- 
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stream  velocity,  can  be  obtained  in  m.p.h.  and  reduced  to 
feet  per  sec.  It  is  convenient  to  tabulate  resuits,  as  shown  in 
the  table  below  : — 


H.  P. 
at 
1080 
r.p.m 

Airscrew 
r.p.m. 

H.  P. 
(from 
power 
curve) 

ft.  /sec. 

Efficiency 
from 
character- 
istic 
curve  i) 

Thrust 
_H.P.  X  T)  X550 

Corresponding 
speed  Vi 

Actual 
efficiency 
Vj 

(Vi  +  «i) 

m.p.h. 

ft.  /sec. 

'95 

360 

IO8O 

360 

1  80 

'S3 

913 

IOO 

H7 

•677 

•90 

400 

1040 

355 

164 

•84 

IOOO 

68 

IOO 

•5l8 

•8 

430 

IOOO 

345 

140 

•84 

1140 

95'5 

Vl  +  »l 

— 

7 

470 

960 

330 

II7-5 

•80 

1235 

80-0 

V,  +  vl 

— 

•6 

505 

93° 

320 

97'5 

72 

1300 

66-5 

V,  +  v, 

— 

'4 

53° 

9OO 

300 

63  'o 

•50 

1310 

43'° 

V1  +  ^ 

— 

The  velocity  of  the  slip  stream  of  the  tractor  propeller  varies 
very  slightly  throughout  the  range  of  forward  speeds,  and  so  the 
effective  pitch/diameter  ratio  of  the  pusher  airscrew  only  varies 
within  narrow  limits  when  working  in  the  slip  stream.  The 
thrust  developed  by  the  airscrew  when  working  in  the  slip 
stream  or  independently  is  shown  in  Fig.  50,  and  it  will  be  seen 
that  the  thrust  developed,  which  is  a  measure  of  the  total 
efficiency  of  the  airscrew,  is  considerably  less  than  that  of  the 
tractor  airscrew. 

In  Fig.  51  is  shown  the  thrust  of  the  tractor  airscrew  and 
pusher  airscrew  working  together,  and  the  thrust  of  each  airscrew 
working  independently.  For  the  purpose  of  showing  the 
efficiency  of  the  system,  the  ideal  thrust 

=    2    X    360    X    550 

V, 

is  shown,  and  the  efficiency 

Thrust  developed  by  pusher  and  tractor  together 

Ideal  thrust  from  two  engines 

Also  the  typical  resistance  curve  of  the  machine  is  drawn, 
the  values  being  one-half  the  actual  values,  since  the  thrusts  of 
only  two  engines  are  considered,  and  from  this  the  possible 
flight  conditions  can  be  considered.  It  will  be  observed  that 
while  there  is  a  considerable  amount  of  surplus  horse-power  for 
climb  when  the  tandem  combination  is  working,  the  climb  is 
very  small  for  the  tractors  only,  while  the  pushers  are  only  just 
sufficient  to  maintain  flight  at  the  most  aerodynamically  efficient 
flight  speed. 
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This  method  of  showing  the  characteristics  of  tandem  com- 
bination of  airscrews  points  out  the  comparative  inefficiency  of 
the  system  and  the  difficulties  of  accurate  design,  since  a  slight 
variation  of  performance  of  the  tractor  airscrew,  brought  about 
by  slight  variation  of  design  or  by  physical  conditions,  will  have 
a  very  great  effect  upon  the  air  flow  across  the  pusher  propeller 
and  its  consequent  performance.  The  design  of  the  pusher 
propeller  for  a  tandem  combination  is  very  much  a  matter  of 
trial  and  error,  and  can  only  be  attempted  when  the  tractor 
propeller  performance  is  actually  known.  The  great  advantage 
of  a  tandem  combination  is  that  the  failure  of  one  engine  does 
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Machine  -Sjbeed      M.P.H. 
FIG.  50. — Performance  Screw  for  Pusher  Airscrew. 

not  affect  the  stability,  as  in  the  ordinary  twin-engine  arrange- 
ment ;  and  for  commercial  aviation,  with  engines  that  are  not 
as  reliable  as  the  aeroplane  structure,  this  is  a  very  important 
consideration,  especially  if  the  airscrews  be  designed  to  work 
independently  of  each  other  and  only  used  together  for  emer- 
gencies. 

Effect  of  Side  Winds,  &c.,  upon  Airscrew  Performance. 

— In  the  design  theory  of  airscrews  the  relative  air  velocity  across 
any  blade  element  is  assumed  to  be  made  up  of  a  translational 
velocity  Vl  dependent  upon  the  air  speed  of  the  machine,  and  a 
component  in  the  plane  of  rotation  V  due  to  the  airscrew  rotation. 
These  assumptions  hold  for  conditions  of  direct  flight  in  still  air. 
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in  a  direction  normal  to  the  plane  of  rotation  only,  and  the  effect 
of  wind  and  any  relative  motion  in  a  direction  inclined  to  the 
normal  path  destroys  this  hypothesis.  In  the  consideration  of 
the  effect  of  'such  departures  from  normal  flight,  the  air  flow 
across  the  propeller  blade  is  the  important  feature;  and  since  this 
can  be  considered  from  the  relative  air  velocity,  the  effect  of 
side-slip  in  any  direction  can  be  considered  as  equivalent  to  that 
of  a  side  wind  in  the  opposite  direction.  Hence,  for  all  condi- 
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FIG.  51. — Performance  Curves  for  Tandem  Airscrews. 

tions  of  flight,  including  side  winds,  side-slip,  &c.,  the  air  flow 
across  the  airscrew  disc  may  be  considered  as  a  translational 
velocity  inclined  to  the  normal  to  the  plane  of  rotation,  which  is 
constant  across  the  disc,  and  the  component  due  to  the  airscrew 
rotation  which  varies  across  the  airscrew  disc  area.  The  total 
translational  velocity  may  be  resolved  into  two  components,  a 
velocity  normal  to  the  plane  of  rotation,  and  a  velocity  across 
the  plane  of  rotation.  The  velocity  normal  to  the  plane  of 
rotation  is  included  in  the  air  speed  of  the  machine,  and  so  is 
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included  in  the  blade-element  theory  assumptions.  The  velocity 
across  the  plane  of  rotation,  which  we  may  call  Vs ,  affects  the 
velocity  V  of  any  element  in  the  plane  of  rotation.  Since  the 
direction  of  side  wind  velocity  Vs  is  constant,  while  the  rotation 
velocity  of  any  element  changes  continually,  the  total  relative 
velocity  of  the  element  along  its  chord  line  tangential  to  its  path 
is  V  +  oc  Vs  where  <x  can  have  any  value  between  —  I  and  +  I. 
Hence  the  component  of  air  velocity  in  the  direction  of  rotation 
varies  continually  for  each  element,  and  since  Vl  is  constant  over 
the  blade,  the  effective  helix  angle  and  the  whole  of  the  aerofoil 
characteristics  of  the  blade  element  vary  continuously  through- 
out each  revolution.  Hence  the  effect  of  side  winds  or  any  form 
of  side-slip  is  to  cause  non-uniformity  of  torque  on  any  airscrew 
blade,  and  the  total  torque  absorbed  by  each  blade  varies  during 
each  revolution,  causing  consequent  vibration  and  twist,  and 
diminished  thrust. 


CHAPTER   X. 
DRAWING-OFFICE  DESIGN. 

IN  the  drawing-office  the  problem  of  airscrew  design  resolves 
itself  into  the  selection  of  the  most  suitable  type  of  airscrew  for 
the  particular  flight  conditions,  and  the  calculation  of  blade 
dimensions  of  an  airscrew  that  will  correspond  with  the  engine 
performance. 

The  choice  of  airscrew  type  can  be  arrived  at  by  considera- 
tion of  the  features  of  airscrew  design  previously  discussed,  and 
the  exact  blade  dimensions,  either  by  empirical  formulae  deduced 
from  past  experience,  or  by  use  of  the  blade-element  theory  with 
suitable  correction  factors. 

Design  Particulars. — Before  proceeding  with  the  airscrew 
design  it  is  necessary  to  have  certain  particulars  of  the  machine 
to  which  it  is  to  be  fitted,  and  for  the  complete  consideration  of 
airscrew  design  the  following  particulars  are  necessary  : — 

1.  Power  Curve  of  Engine,   showing  the   brake  horse- 
power available  at  various  engine  speeds  of  revolution,  and  the 
normal  and  maximum  speeds. 

2.  Gear   Ratio   between   engine  crank-shaft  and  airscrew 
shaft,  together  with  the  efficiency  of  the  gearing  used. 

3.  Variation  of  power  developed  by  engine  with  change 
of  altitude. 

4.  Curve  of  total  resistance  of  the  machine  at  various 
speeds,   at   the    particular   altitude   for   which   the   machine  is 
required  to  fly  normally. 

5.  Weight  of  machine  in  flight. 

6.  Anticipated    maximum    speed    flying    level    and 
maximum  rate  of  climb,  together  with  information  as  to  the 
more  important   feature — maximum   speed   or   maximum  rate 
of  climb. 

7-  Particulars  of  coupling  dimensions  of  engine  which 
would  limit  the  boss  dimensions  of  the  airscrew. 

8.  Particulars  of  machine  features  that  would  affect 
airscrew  performance,  i.e.,  whether  airscrew  is  pusher  or  tractor  ; 
objects  adjacent  to  airscrew  which  may  cause  interference ; 
features  of  machine  design  that  would  limit  the  airscrew  diameter. 
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9.  Particulars   of  engine    regarding    vibration  and 

non-uniformity  of  torque  that  would  affect  the  structural  stresses 
in  the  airscrew. 

With  these  particulars,  it  is  possible  by  a  process  of  trial  and 
error  to  arrive  at  airscrew  dimensions  that  will  give  the  nearest 
approximation  to  the  required  performance.  In  general,  accurate 
information  as  required  above  cannot  be  obtained  for  a  new  type 
of  machine,  and  practical  airscrew  design  may  be  considered  as 
consisting  of : — 

1.  Design    to    approximate    particulars    submitted, 
from  the  estimated  machine  performance  and  engine 
performance. 

2.  Modification  of  airscrew  dimensions,  as  the  re- 
sult of  machine  tests  with  the  airscrew  thus  designed. 

In  general,  two  experimental  airscrews  should  be  sufficient  to 
determine  the  most  efficient  airscrew  for  the  machine,  but  it 
should  be  remembered  that  any  machine  alterations  introduced 
as  the  result  of  experiment  and  tests  may  affect  the  airscrew 
design. 

The  trial  and  error  process  of  airscrew  design  for  accurate 
machine  particulars  is  similar  to  the  drawing-office  design 
procedure,  with  the  exception  that,  instead  of  modification  to 
actual  test  results,  the  theoretical  test  results  can  be  obtained 
from  the  construction  of  performance  diagrams.  The  usual  de- 
sign particulars  actually  supplied  for  experimental  design  are  : — 

1.  Engine  Power  Curve,   maximum   permissible   engine 
speed  and  normal  engine  speed  in  r.p.m.     In  cases  where  the 
power  curve  is  not  available  it  is  usual  to  be  given  the  antici- 
pated brake  horse-power  at  normal  engine  speeds,  and  to  assume 
a  power  curve  from  a  knowledge  of  similar  engines. 

2.  Gear  Ratio  of  engine  speed  to  airscrew  speed ;  this  is 
often  expressed  by  giving  the  power  curve  in  relation  to  the 
airscrew  speed,  the  engine  speed  being  unnecessary.     Since  the 
engine  B.H.P.  is  usually  measured  off  the  airscrew  shaft,  this 
includes  the  efficiency  of  the  gearing  used. 

3.  Position  of  airscrew,  whether  pusher  or  tractor. 

4.  Direction  of  rotation.     Owing  to  the  many  methods 
of  stating  this,  the  direction  of  rotation  is  generally  most  con- 
fusing, the  following  being  the  usual  methods  : — 

(a)  The  direction  of  rotation  is  given  looking  from  the  front 
of  the  machine  towards  the  tail,  left  hand  being  anti- 
clockwise and  right  hand  clockwise. 


154  A  TREATISE  ON  AIRSCREWS 

(&)  The  direction  of  rotation  is  often  given  looking  from  the 
pilot's  seat  towards  the  front  of  the  machine  ;  this  is  at 
present  the  most  common  practice,  but  from  the  air- 
screw constructor's  point  of  view  it  is  advisable  to 
express  the  direction  of  rotation  irrespective  of  the 
position  of  the  airscrew  in  the  machine,  and  for  this 
purpose  we  have 

(c)  The  direction  of  rotation  expressed  as  clockwise  or  anti- 
clockwise when  looking  towards  the  round  or  convex 
side  of  the  airscrew  blade. 

5-  Number  of  Blades,  in  general  this  is  left  to  the  designer, 
and  dependent  upon  limits  of  diameter  imposed,  but  in  the  case 
of  engines  giving  non-uniformity  of  torque,  four-bladed  airscrews 
are  frequently  specified. 

6.  Limitation  of  Diameter.  In  high-speed  fighting  aero- 
planes the  maximum  airscrew  diameter  is  limited  by  considera- 
tions of  ground  clearance,  and  in  some  commercial  types  the 
area  of  the  body  immediately  behind  the  airscrew  limits  the 
minimum  airscrew  diameter  consistent  with  efficiency,  otherwise 
the  diameter  is  fixed  by  the  flight  conditions. 

7-  Aeroplane  Performance,  the  most  important  feature 
being  anticipated  top  speed  flying  level,  and  the  minimum  speed 
of  dynamic  flight.  It  is  also  usual  to  state  whether  rate  of  climb 
can  be  sacrificed  to  high  speed,  as  in  the  case  of  a  racing 
machine,  or  whether  the  airscrew  thrust  at  low  speeds  corre- 
sponding to  the  machine  taking-off  and  climbing  is  of  most 
importance,  as  in  the  case  of  comparatively  heavily  loaded  and 
slow  seaplanes  and  large  weight-carriers. 

8.  Power  at  Altitude.  For  war  machines,  anti-aircraft 
gun  defences  force  reconnaissance  and  bombing  aeroplanes  to 
operate  chiefly  at  great  heights.  An  aeroplane  designed  for 
low  flying  shows  a  tremendous  falling-off  in  performance  (up  to 
25  per  cent  of  top  speed)  when  operating  at  great  heights,  and 
it  is  now  usual  to  require  such  machines  to  give  maximum 
efficiency  at  10,000  or  15,000  feet.  For  this  purpose  most 
engines  are  fitted  with  altitude  controls,  which  regulate  the  air 
supply,  to  obtain  most  efficient  mixtures  at  the  required  heights. 
When  these  are  fitted  it  is  usual  to  give  the  airscrew  designer 
information  respecting  the  power  developed  at  various  heights, 
but  in  default  of  this  the  following  table  gives  approximate 
values.  Airscrews  designed  to  give  maximum  efficiency  at 
normal  revolutions  at  heights  will  overrev.  at  low  altitudes. 
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Altitude 
in 

Relative 

Ratio      B-H-P-  at  altitude          Full  thr 

jttle,  no  altitude 
control 

B.H.P.  at  ground  level  ' 

feet 

density 

Water-cooled 

Air-cooled 

Air-cooled 

stationary  engines 

radial  engines 

rotary  engines 

o 

I  '000 

I  'OOO 

I  'OOO 

I  '000 

5,000 

•865 

•83 

•83 

•8  1 

10,000 

725 

•68 

•69 

•63 

15,000 

"620 

•56 

•57 

•53 

20,000 

•525 

'45 

•47 

•40 

9.  Dimensions  of  Engine  coupling.  The  dimension  of 
importance  is  the  maximum  distance  between  the  coupling 
plates,  which  limits  the  thickness  of  the  airscrew  boss  in  side 
elevation. 

Design  Procedure.  As  an  example  of  exact  design  we 
shall  consider  an  airscrew  for  a  machine  fitted  with  an  engine  of 
which  the  power  curve  is  shown  in  Fig.  47,  the  normal  airscrew 
revs,  being  1080  r.p.m.  and  the  maximum  permissible  1  140  r.p.m. 
The  machine  is  a  tractor,  and  has  an  anticipated  top  speed  of 
about  1  20  m.p.h.,  with  a  minimum  flying  speed  of  50  m.p.h.,  and 
is  required  to  work  chiefly  at  low  altitudes,  with  a  maximum 
over-all  efficiency  throughout  the  speed  range,  the  maximum 
diameter  of  the  airscrew  being  1  1  feet.  This  is  sufficient  infor- 
mation for  preliminary  design. 

Preliminary  Design.—  i.  Linear  grading  of  Airscrew 

blade,  this  is  chosen  from  considerations  of  tip  speed,  and  for 
our  first  approximation  we  may  assume  the  linear  grading  as 
being  that  of  Type  I,  Fig.  17. 

2.  The  Face  Pitch.  This  is  best  chosen  to  a  first  approxi- 
mation from  the  flight  conditions  at  top  speed.  We  shall 
assume  that  at  the  anticipated  top  speed  the  airscrew  should 
rev.  at  the  normal  speed,  1080  r.p.m.,  so  that  the  effective  pitch 


18 


From  this  the  face  pitch  of  the  airscrew  can  be  derived.  For  the 
particular  requirements,  the  angle  of  attack  at  top  speed  should 
be  in  the  neighbourhood  of  i°  and  this  is  obtained  by  a  face 
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pitch   of   about    10   feet,   which   we    shall   assume    as   a   first 
approximation. 

3.  Airscrew  diameter.  The  approximate  diameter  can 
be  settled  by  empirical  formulae.  We  have  shown  in  a  previous 
chapter  that  at  flight  conditions  where  the  effective  pitch 
approximates  to  the  face  pitch, 

PP 
Torque  horse-power  coefficient  a        for  similar  air- 

screws* 

From  experience  with  a  large  number  of  propellers,  for  a  two- 
bladed  airscrew  of  similar  linear  grading  as  assumed  above  and 

with  a  maximum  blade  width  —  it  is  found  approximately  that 
when  the  airscrew  is  working  at  an  angle  of  attack  of  about  i° 
Torque  H.  P.  coefficient  = 


D° 
=  -F   x  (ro-7  x  2-6) 

or     H.  P.  absorbed  =  n*  D*  x  PF  (IQ-?   <  2'6) 

from  which  the  required  airscrew  diameter  can  be  found. 

In  the  case  of  the  diameter  being  limited  by  other  considera- 
tions, the  horse-power  absorbed  can  be  increased  by  increasing 
the  ratio  of  blade  width  to  diameter,  by  increasing  the  pitch 
angles  at  the  expense  of  efficiency  as  shown  previously,  or  by 
using  a  four-bladed  airscrew  in  order  that  a  smaller  diameter 
airscrew  may  be  used,  and  it  has  been  shown  that  by  using  a 
four-bladed  airscrew  instead  of  a  two-blader  the  necessary 
diameter  can  be  reduced  to  '9  D. 

By  increasing  the  face  pitch  so  that  the  angle  of  attack  at 
top  speed  is  about  3°  (the  maximum  value  consistent  with 
efficiency),  and  increasing  the  blade  width  to  \  of  the  blade 
diameter,  it  is  also  possible  to  use  an  airscrew  of  diameter  =  '9 
of  the  diameter  found  above  in  a  two-bladed  propeller. 

Applying  the  above  result  to  our  particular  propeller  we  have 
360  =  i83  x  D4  x  io6  x  2-6 


or  D*  =  io6 


360 


i83  x  2-6 

. 


842 
or  D  =  1 2  *4  ft. 

Since  the  diameter  is  limited  to  1 1  feet  the  airscrew  should  be 
either  four-bladed  or  should  be  very  wide  in  proportion  to  its 
diameter,  and  work  at  a  large  angle  of  attack  at  top  speed. 
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For  our  purpose  we  shall  use  a  four-bladed  screw,  but  as  an 
example  of  how  the  power  absorbed  by  an  airscrew  of  a  given 
diameter  can  be  varied  the  analysis  will  be  completed  for 
both  types. 

Exact  Design. — The  tip  speed  in  each  case  will  be 
=  7r«D=i8x7rxii      =  622  ft.  per  sec. 

For  the  two-bladed  airscrew,  where  the  maximum  blade 
width  will  be  about  ^D  =  1*22  feet,  and  it  is  advisable  to  use  a 
blade  form  that  absorbs  maximum  horse- power  for  a  given 
diameter,  blade  grading  No.  2,  Fig.  17,  will  be  used.  The 
camber  at  the  sections  considered  ("15  ,  '3  ,  "45  ,  '6,  75  ,  '9,  '95) 
will  depend  upon  structural  considerations.  We  have  shown 
that  for  a  blade  of  tip  speed  about  600  ft./sec.  in  a  normal  blade 

of  maximum  blade  width  =  —  the  value  of  -^  which  will  keep 

12  C 

the  end-grain  stresses  between  safe  limits  varies  from  *o8  at  the 
tip  to  '2O  at  radius  '3,  and  since  the  bending  moments  increase 
directly  as  the  blade  widths,  the  sections  can  be  made  of  the 
same  thickness,  or  of  less  camber  for  the  wider  blades,  and  for  our 

two-blader  the  values  of  ~  at  the  various  sections  are  assumed 

\-s 

as  in  the  table  analysis.  The  angles  of  attack  are  assumed  so 
that  the  pitch  increases  towards  the  blade  tip,  as  experience  shows 
that  this  is  the  most  efficient  form  for  very  wide  blades.  The 
blade  analysis  can  now  be  performed  as  shown  previously,  the 
blade  widths  at  the  various  sections  being  expressed  in  terms  of 
Cm  the  maximum  blade  width. 

From  the  analysis  it  appears  that  a  suitable  blade  will  have 
a  mean  angle  of  attack  of  about  3°  for  the  top  speed  working 

condition,  and  a  blade  width  of  ri  feet  =  — .     Such  an  airscrew 

10 

would  give  high  efficiency  at  high  speeds  of  the  aeroplane,  but 
at  the  sacrifice  of  efficiency  on  climb.  The  horse-power  as  cal- 
culated by  the  analysis  of  the  airscrew  by  this  theory  will,  in 
general,  for  types  of  airscrew  free  from  interference  effects,  agree 
within  practical  limits  of  accuracy  with  the  actual  horse-power 
absorbed,  and  no  correction  factors  are  necessary.  For  airscrews 
where  the  flight  conditions  and  practical  considerations  affect 
the  airscrew  performance,  suitable  correction  factors  should  be 
used,  as  shown  in  previous  chapters. 

Having  now  decided  upon  the  airscrew  blade  dimensions 
for  one  condition  of  flight,  it  is  possible  to  consider  the  air- 
screw characteristics  over  the  total  speed  range  by  completing 
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the   analysis    for   various  values  of  — r\    at   normal    revs.,    the 

n  \j 

efficiency  and  horse-power  absorbed  being  calculated,  and  the 
airscrew  revolutions  at  corresponding  forward  speeds  found  by 
extrapolation  as  shown  previously.  From  these  calculated 
values  the  suitability  of  the  airscrew  for  the  speed  range  of  the 
machine  may  be  determined.  For  experimental  design,  how- 
ever, it  is  sufficient  to  calculate  the  power  absorbed  at  the 
working  conditions  corresponding  to  flight  at  top  speed  and 
the  power  absorbed  when  the  airscrew  is  working  with  an 
effective  pitch  equal  to  half  the  experimental  mean  pitch  (P0), 
this  corresponding  to  the  air  flow  when  revolving  without 
translational  velocity.  Hence  the  airscrew  revolutions  on  the 
ground  can  be  determined,  and  the  characteristic  curves  can  then 
be  drawn  to  a  sufficient  degree  of  accuracy  by  extrapolation 
from  Figs.  20  and  21,  and  by  practical  considerations  of  inter- 
ference effects  due  to  blade  dimension  and  position.  For  this 
purpose  the  value  of  the  mean  face  pitch  is  taken  as  the  mean  of 
the  values  of  2  TT  r  tan  A  for  the  four  tip  sections  at  '6 ,  75  ,  "9 , 
•95  of  the  tip  radius,  as  shown  in  the  analysis  at  top  speed. 
From  the  analysis  of  the  airscrew  at  top  speed  and  when 
stationary,  it  should  rev.  at  normal  r.p.m.,  with  an  efficiency  of 
about  83  per  cent,  at  top  speed  and  at  about  960  r.p.m.  when  on 
the  ground,  with  an  efficiency  of  about  70  per  cent,  at  average 
climbing  speeds. 

Laying  out  the  Airscrew  from  calculated  Dimensions. — 
Before  proceeding  with  the  analysis  of  the  airscrew  stresses  from 
the  assumed  blade  section  dimensions,  we  will  complete  the 
drawing  of  the  blade.  It  is  essential  that  the  '  lines '  of  the 
airscrew  should  be  smooth,  to  avoid  eddies  in  the  air  flow  across 
the  blade,  and  to  obtain  this  the  sections  at  various  blade  radii 
may  require  slight  adjustment.  Before  beginning  the  drawing 
of  the  airscrew  it  is  convenient  to  arrange  the  blade  dimensions 
arrived  at  by  analysis  as  shown  in  the  table.  The  width  in  plan 
form  at  any  section  is  equal  to  blade  width  X  cos  A,  and  the 
width  in  side  elevation  can  best  be  obtained  by  drawing  the 
section  to  the  given  dimensions,  and  by  measurement.  The 
drop  of  the  trailing  edge  can  be  decided  by  experience,  and  for 
preliminary  design  it  can  be  taken  as  one-half  the  difference 
between  the  width  of  the  section  in  side  elevation  and  the  width 

at  radius  -45  — .     The  sections  at  -15  and  -3  do  not  affect  the 

aerodynamic  features  of  the  blade  to  any  great  extent,  and.  in 
general,  it  is  advisable  to  neglect  them  at  first.     The  maximum 
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thickness  in  side  elevation  is  determined  by  the  maximum 
distance  between  the  plates  of  the  engine  coupling,  and  in  this 
case  is  taken  as  180  mm. 

In  working  drawings  of  airscrews  it  is  usual  to  mark  all 
dimensions  in  millimetres,  although  the  actual  analysis  is  done  in 
ft.  Ib.  sec.  units. 


PARTICULARS  OF  TWO-BLADED  AIRSCREW  FROM  DESIGN  ANALYSIS. 

T^ 

Diam.  =  n'  =  3354  mm. 

Maximum  blade  width  =  n' 


-  =  1077  mm. 

2 


=  335  mm- 


Sec- 
tion 

Radius 
mm. 

Blade 
angle 
A 

Scale 
blade 
width 

c 

mms. 

a 
~C 

a 
mm. 

b 

mm. 

Width  in 
plan 
C  cos  A 

Width  in 
side 
elevation 
mm. 

Drop  of 
T.E. 

"95 

1593 

19°  36' 

'534 

179 

•08 

I4-3 

— 

I68'5 

62 

59 

'9 

1509 

2O°  36' 

7l6 

240 

•09 

21-6 

— 

225-0 

93 

43'5 

75 

I257-5 

24°  o' 

•968 

324 

•IOO 

32'4 

— 

296-0 

140 

20 

•6 

IO06 

28°  16' 

rooo 

335 

•130 

43'5 

— 

295-0 

170 

5 

•45 

754'5 

33°  8' 

•900 

301 

•160 

49-0 

— 

25I-0 

1  80 

— 

•3    |       503-0    40°  o' 

— 

— 

•200 

58 

16 

— 

i  So 

— 

'IS 

251-5        — 

— 

— 

— 

66 

3° 

— 

1  80 

— 

From  the  above  figures  in  connection  with  the  dimensions  of 
the  airscrew  boss  the  plan  form  and  the  side  elevation  of  the 
trailing  edge  can  be  drawn. 

From  the  dimensions  of  the  engine  coupling  given  in  Fig.  52 
the  diameter  of  the  boss  of  the  airscrew  is  taken  as  260  mm., 
that  is,  slightly  larger  than  the  diameter  of  the  coupling  plate. 
It  should  be  noticed  that  the  minimum  blade  width  in  plan  form 
should  not  be  less  than  twice  the  diameter  of  the  airscrew  shaft 
through  the  boss,  in  this  case  1 50  mm. 

To  avoid  floating  laminations  in  the  blade,  or  recessing  the 
airscrew  boss  to  take  the  coupling,  the  maximum  width  of  the 
side  elevation  is  taken  as  180  mm.,  and  hence  the  whole  of  the 
trailing  edge  can  be  drawn  in.  In  this  case,  the  trailing  edge  of 
the  airscrew  has  been  taken  straight  in  plan  form,  as  this  is  the 
most  satisfactory  blade  form.  Should  the  trailing  edge  be 
swept  backwards  or  forwards,  the  shape  of  the  blade  can  be  best 
-considered  by  the  distances  of  the  leading  and  trailing  edges 
from  a  fixed  centre  line  at  the  various  sections  considered.  In 
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most  cases  the  dimensions  arrived  at  will  not  give  a  perfectly 
smooth  curve,  and  it  is  then  best  to  draw  a  smooth  curve  passing- 
through  the  mean  positions  of  the  points,  and  work  from  the 
dimensions  thus  obtained. 

It  is  convenient  to  draw  the  plan  and  side  elevations  of  the 
airscrew  full-size,  and  to  show  only  one  blade,  the  airscrew 
sections  being  shown  in  the  side  elevation,  as  in  Fig.  53.  It  is 
common  practice  to  draw  the  plan  and  side  elevation  to  a  scale 
of  half  full-size,  and  to  draw  the  full-size  sections  separately,  but 
this  method  is  not  so  convenient  in  practice,  and  leads  to  small 
bumps  and  irregularities  of  contour,  which  cannot  be  noticed  in 
the  drawing,  appearing  in  the  finished  blade. 

The  sections  at  '95  ,  '9,  75  ,  '6,  and  '45  may  now  be  drawn 


Airscrew   to  t>e  f&cessed  ho  J 


FIG.  52. — Typical  Loose  Propeller  Hub  for  Aero  Engine. 


in  the  calculated  dimensions,  and  the  side  elevation  completed. 
It  is  necessary  to  ensure  that  the  width  in  plan  of  each  section 
coincides  with  the  plan  form  width,  and  that  the  projected 
leading  edge  is  a  smooth  curve  without  irregularities.  It  may 
be  necessary  to  modify  the  sections  to  obtain  this,  but  with  the 
blade 'proportions  as  assumed  by  past  experience,  this  should 
not  be  sufficient  to  affect  the  aerodynamic  features.  Slight 
modifications  should  be  made  by  slight  alteration  in  the  shape 
of  the  sections,  or  by  slight  variation  of  blade  width  and  thick- 
ness, but  care  should  be  taken  not  to  reduce  the  blade  thickness 
below  the  tabulated  value  by  more  than  10  per  cent.,  and  that  the 
blade  angles  are  not  affected.  The  sections  at  '3  and  '15  can 
then  be  drawn  in  from  the  width  in  plan  form  and  side  elevation, 
with  the  blade  thicknesses  kept  above  the  limits  tabulated  in 
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the  design  particulars  table,  these  being  arrived  at  by  past 
experience. 

The  '  lines  '  of  the  airscrew  may  be  further  tested  by  plotting 
in  the  laminations.  The  thickness  of  the  laminae  may  be  varied 
within  wide  limits  by  practical  considerations,  and  the  lamination 
thicknesses  will  not  affect  the  airscrew  lines,  so  for  this  purpose 
we  may  consider  laminations  of  convenient  thickness.  Since 
most  propeller  stock  is  delivered  in  inch  boards,  the  maximum 
thickness  of  finished  lamination  from  these  would  be  about 
23  mm.  For  the  airscrew  being  drawn  we  will  assume  that  it  is 
built  up  of  eight  laminations,  each  22-5  mm.  thick. 

Then  the  edges  of  the  laminations  appear  in  the  side 
elevation  as  horizontal  straight  lines  as  shown,  and  in  plan  form 
the  glued  joints  between  the  laminations  will  show  as  curved 
lines.  The  shape  of  the  laminations  in  plan  form  can  be  plotted 
from  the  sections  by  means  of  dividers.  These  lines  should  be 
smooth,  and  the  length  of  the  laminations  should  follow  the 
grain  of  the  timber.  The  laminations  shown  as  full  lines  on  the 
plan  are  the  pitch  side  glue  joints,  dotted  lines  being  used  to 
show  the  round-side  joints.  It  is  usual  to  number  the  lamina- 
tions from  the  trailing  edge  side,  and  for  convenience  in  plotting 
the  edges  of  the  laminations  are  shown  numbered  in  the  sections. 
Any  irregularities  in  the  glued  joints  in  the  plan  form  will 
appear  as  bumps  in  the  finished  blade,  and  it  is  necessary  to 
smooth  the  lamination  curves  by  slight  adjustment  of  the 
sections.  In  general,  this  can  be  attained  with  very  slight 
modifications,  not  sufficient  to  affect  the  aerodynamic  and 
structural  features  of  the  sections.  The  airscrew  drawing  can 
now  be  completely  finished  by  completing  the  boss,  which  is 
shaped  in  section  as  shown,  with  particulars  of  drilling,  and  by 
dimensioning  the  sections.  To  completely  fix  the  sections  the 
ordinates  should  be  dimensioned  at  different  fractions  of  the 
chord,  but  with  the  full-size  sections  where  templates  are  to  be 
made  directly  from  the  original  drawing  it  is  sufficient  to 
dimension  the  blade  angle,  the  blade  width,  and  the  maximum 
thickness  of  the  section  at  each  of  the  sections  shown. 

The  direction  of  rotation  should  be  shown  by  the  projections 
in  plan  and  elevation,  but  in  practice  it  is  often  found  convenient 
to  draw  the  plan  form  and  side  elevation  independently  of  the 
direction  of  rotation,  and  to  stamp  the  direction  of  rotation  on 
the  completed  djawing.  For  convenience  in  shaping,  and  to 
secure  a  uniform  shape  of  tip  (which  is  not  fixed  by  dimensions), 
it  is  advisable  to  draw  in  the  developed  shape  of  the  blade  from 
section  -9  to  the  tip. 

The  position  of  the  boss  relative  to  the  plan  view  may  be 
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varied  without  affecting  the  airscrew  features,  but  it  is  usually 
most  convenient  to  consider  the  centre  line  of  the  airscrew  as  a 
line  parallel  to  the  trailing  edge  in  plan  form,  and  passing  mid- 
way between  the  leading  and  trailing  edges  at  the  root  section, 
the  centre  of  the  boss  lying  on  this  line. 

From  the  finished  drawing  the  airscrew  characteristics  can 
be  again  calculated  for  the  actual  dimensions,  but  in  general  the 
slight  adjustments  to  the  sections  necessary  do  not  vary  the 
power  absorbed  by  the  airscrew  by  an  appreciable  amount.  We 
may  therefore  assume  the  values  calculated  for  the  airscrew 
performance  from  the  preliminary  analysis,  but  the  airscrew 
stresses  can  now  be  calculated  from  the  finished  dimensions. 
The  method  of  stress  analysis  is  precisely  as  shown  in  a  previous 
chapter,  and  need  only  be  performed  for  the  working  condition 
yielding  maximum  thrust,  which  in  this  case  may  be  assumed 
as  that  when  climbing  at  80  m.p.h.  and  980  r.p.m. 

In  calculating  the  bending  reactions  it  is  sufficiently  accurate 

to  assume  the  value  of  (i  +  -3]  in  the  expression  for  RF  as  equal 

\        y  / 

to  unity,  and  to  neglect  the  effect  of  blade  interference  upon  the 
aerodynamic  forces. 

The  stress  calculations  are  shown  in  tabular  form  on  the 
preceding  pages,  the  section  dimensions  being  taken  from  the 
finished  airscrew  drawing. 

In  calculating  the  centrifugal  stresses  the  value  of  w,  the 
weight  of  material  per  unit  volume,  is  taken  as  35  Ibs.  per 
cubic  foot. 

The  total  weight  of  the  airscrew  can  be  easily  calculated  to 
within  approximate  limits  by  a  knowledge  of  the  section  dimen- 
sions and  the  boss  diameter  and  thickness,  either  by  graphical 
integration  or  by  volume  computing  formulae.  In  the  case  of 
the  particular  airscrew  it  is  sufficiently  accurate  to  assume  that 

Total  volume  of  airscrew 

D  {'^r  +  Ar  +  Ar  +  Ar  +  Ar  +  Ar  +  J  Area  at  axis  of  rotation! 

1    '9        "75      '6        '45      '3       'IS 
=  in  this  particular  case 

•15  x  ii  {'039+  '079  +  '109  +  '126  +  -143  +  '165  +-4app.}cu.,ft. 
=  1*65  x  1*061 

=  i -7 5  cu.  ft,  and  assuming  that  the  material  weighs  35  Ibs.  per  cu.  ft. 
Weight  of  airscrew  =  61  Ibs. 

For  the  purpose  of  comparing  the  relative  advantages  of  the 
two  and  four-bladed  airscrews,  the  following  features  of  the  two- 
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bladed  airscrew  can  be  tabulated,  the  aerodynamic  characteristics 
being  obtained  from  the  preliminary  calculations  : — 


Air  speed 
m.p.h. 

Airscrew 
r.p.m. 

Engine 
B.  H.  P. 

Airscrew 
efficiency 

Airscrew  thrust 
Ibs. 

1  2O 

1080 

360 

«o«-    °/ 

°2  3  7o 

928 

80 

980 

335 

72-0% 

1  124 

60 

960 

330 

55-% 

"34 

The  Four-bladed  Airscrew. — The  process  of  design  for  the 
four-bladed  airscrew  is  similar  to  that  for  the  two-bladed,  but  as 

in  this  case  a  maximum  blade  width  of       is  anticipated  from  the 

12 

approximate  preliminary  design,  the  camber  of  the  sections  at 
the  various  sections  should  be  correspondingly  greater,  and  the 
linear  grading  of  the  blade  will  be  assumed  as  in  Type  I., 
Fig.  17. 

(Z 

The  values  of  the  scale  blade  width  and  camber  ^  assumed 

are  as  shown  in  the  table  of  analysis  at  top  speed,  and  the  angle 
of  attack  is  taken  as  i°  for  the  five  sections  towards  the  tip,  the 
blade  angles  at  the  sections  '15  and  -3  being  relatively  unim- 
portant and  decided  by  structural  considerations. 

From  the  analysis  at  top-speed  flight  conditions  it  appears 
that  a  four-bladed  propeller  of  11'  diameter  10*31'  face  pitch 

with  a  maximum  blade  width  —  will  be  suitable  for  the  require- 

14 

ments  specified.  The  blades  being  narrow  will  decrease  the 
amount  of  mutual  blade  interference  and  increase  the  over-all 
efficiency  of  the  airscrew. 

The  analysis  of  the  airscrew  can  now  be  performed  for  the 
conditions  corresponding  to  the  climbing  and  stalling  speeds 
when  the  effective  pitch  =  J  P0.  In  this  case  we  find  that  the 
anticipated  airscrew  revolutions  are  about  920  r.p.m.,  and  the 
airscrew  characteristic  curves  can  be  constructed  from  the 
calculated  values,  modified  by  correction  factors  derived  by  past 
experience. 

The  drawing  of  the  airscrew  blade  can  now  be  proceeded 
with  as  in  the  case  of  the  two-bladed  airscrew,  the  following 
table  being  prepared  as  before,  the  root  section  dimensions  being 
fixed  by  the  shape  and  lines  of  the  blade. 
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PARTICULARS  OF  FOUR-BLADED  AIRSCREW  FROM  DESIGN  ANALYSIS. 

I) 


Diam.  =  n'  =  3354  mm. 

Max.  blade  width  =  '76'  =  232  mm. 


-   =  1677  mm. 
2 


Sec- 
tion 

Radius 
mm. 

Blade 
angle 
A 

Scale 
blade 
width 

c 

mm. 

a 
C 

a 

b 

Width  in 
plan  form 
=  C  cos  A 

Width  in 
side 
elevation 
mm. 

Drop 
of 
T.  E. 

'95 

1593 

17°  36' 

'555 

128 

•09 

12 

— 

122 

42 

69 

'9 

1509 

1  8*  26' 

•668 

»55 

•10 

I5'5 

— 

147 

54 

63 

75 

1257-5 

2l"   36' 

•864 

2OO 

•12 

24-0 

— 

1  86 

81 

49'5 

•6 

ico6'o 

26°  1  6' 

•966 

224 

'MS 

32-5 

— 

2O  I 

1  08 

36'o 

•45 

754-5 

33°  8' 

rooo 

232 

•2OO 

4O'O 

6-5 

195 

135 

22-5 

'3 

503-0 

41°   2l' 

'973 

226 

•200 

5ox> 

15-0 

170 

1  60 

IO'O 

'IS 

251-5 

— 

— 

— 

— 

60  'o 

25-0 

160 

170 

5-0 

— 

— 

— 

— 



— 

— 

Boss 

— 

1  80 

o 

As  before,  the  propeller  is  assumed  to  be  made  up  of  eight 
laminations  22'5  mm.  thick,  and  the  sections  are  'faired  off'  by 
the  shape  of  the  laminations  in  plan  view.  From  the  finished 
drawing  (Fig.  54)  the  end-grain  stresses  can  be  calculated.  In 
calculating  the  reactions  on  the  blade  elements  normal  to  the 
blade  face  it  is  sufficiently  accurate  to  consider  the  value  of 


as  unity,  and  also  to  neglect  the  effect  of  blade  interference  upon 
the  lift  coefficient,  which  will  reduce  the  bending  stresses. 

From  these  stress  calculations  it  will  be  noticed  that  the 
maximum  end-grain  stresses  in  the  four-blader  are  comparable 
to  those  of  the  two-bladed  airscrew  designed  for  the  same  flight 
conditions,  but  the  four-blader  is  relatively  stronger  towards  the 
boss.  The  approximate  weight  of  the  four-bladed  airscrew  may 
be  calculated  as  under  :  — 

Weight  =  Weight  of  blades  +  Weight  of  boss 

=  2  D  x  -15  x  W 


-9        '75 


'45      '3 


J 


4-  -  W  {Diam.  of  boss2  -  Diam.  of  bore2} 

4 
=  3'3  W{-oi8  +  -037  +  -054  +  -081  +  -113  +  -147} 

+  7854  W  {-85*-  -242} 
=  W[3'3  x  -450  +  7854  x  -66] 

=   W    X    2  '00 

=  70  Ibs.  assuming  timber  weighs  35  Ibs./cu.  ft. 


1DED    rROPl 


54   P,kh  - 


Propeller. 
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And   the   anticipated    performance   of    this    airscrew    may   be 
summarized  in  the  following  table  : — 


Air  speed 

m.p.h. 

Airscrew 
r.p.m. 

Engine 
B.H.  P. 

Airscrew 
efficiency 

Thrust 

1  2O 

1080 

360 

79% 

889 

80 

960 

33° 

74% 

1150 

70 

93° 

3*5 

70% 

1177 

60 

900 

300 

64% 

I2OO 

Comparison  and  General  Conclusions.  —  From  the  analysis 
of  the  two  airscrews  chosen  as  suitable  for  the  specified  working 
conditions,  we  see  that  it  is  possible  to  have  either  a  four-bladed 
or  two-bladed  airscrew  of  the  same  diameter  and  approximately 
the  same  weight,  the  general  performance  throughout  the  speed 
range  being  almost  identical,  the  four-blader  being  most  efficient 
at  low  speeds,  and  the  two-blader  at  the  top  speeds  of  the 
machine.  The  final  choice  of  type  depends  upon  the  particular 
requirements,  the  advantage  with  the  four-blader  being  increased 
steadiness  of  running,  while  the  two-blader  would  be  much  more 
quickly  and  cheaply  produced. 

From  the  detailed  design  of  the  two  types  the  following 
procedure  of  design  may  be  summarised  :  — 

i.  From  the  conditions  of  normal  B.  H.  P.,  normal  airscrew 
revolutions,  and  forward  velocity  at  the  anticipated  top  speed  of 
the  machine,  an  approximate  value  of  the  face  pitch 


n  x  -95 
can  be  obtained. 

2.  The  diameter  of  the  normal  type  of  airscrew  for  these 
conditions  can  now  be  determined  by  use  of  the  empirical 
formula,  for  a  two-bladed  airscrew 

H.  P.  absorbed  =  «3  D4  x  PF  x  icr?  x  2-6 


4/ 

=  V 


B.  H.  P.  x  io7 


3.  From  considerations  of  limited  diameter  or  machine 
specifications,  the  number  of  blades,  the  linear  grading,  and  the 
distribution  of  angle  of  attack  along  the  blades,  can  be  decided, 
also  the  camber  at  the  various  sections. 
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4.  From  these  particulars  the  detailed  analysis  of  the  blade 
can  be  performed  in  terms  of  the  scale  blade  widths,  and  the 
actual  blade  width  at  each  section  determined  by  the  equation 
for  the  maximum  blade  width.     This  is  generally  performed  for 
the  desired  top  speed  flight  conditions. 

5.  Having  obtained  the  blade  dimensions,  the  characteristics 

V 

of  the  airscrew  at  various  values  of  -^    can    be   calculated    or 

nD 

obtained  by  a  consideration  of  the  airscrew  type. 

6.  The    shape   of  the  airscrew  in  plan  form  and  elevation 
being   decided    by   the   projections   of    the   trailing    edge,   the 
airscrew  drawing  can  be  completed  by  drawing  in  the  sections 
and  the  projections  of  the  leading  edge  in  both  views. 

7.  From   the  dimensions  of  the  engine   coupling,  the   two 
views  of  the  airscrew  boss   can  be  drawn   in  and  the  airscrew 
drawing  completed. 

8.  Suitable  thicknesses  of  laminations  can  be  decided  upon, 
and  the  lamination  lines  drawn  in  and  faired  off  in  plan  form  by 
slight  modifications  to  the  sections  where  necessary. 

9.  The  airscrew  can  be  dimensioned  up  in  millimetres,  and 
the  dimensions  should  be  scaled  off  the  drawing  and  compared 
with  the  original  design  figures. 

10.  Stress  calculations  for  the   airscrew  can    be    performed 
using  the  dimensioned  values  for  the  sections,  and  if  the  end- 
grain  stresses  are  unduly  high  the  sections  should  be  modified. 

n.  The  drawing  can  now  be  finished  off  with  particulars  of 
direction  of  rotation,  drilling  of  boss,  material  specification,  and 
necessary  details. 

Limits  of  Accuracy  in  Manufacture. — To  ensure  that  all 
propellers  made  to  a  particular  drawing  shall  be  interchangeable 
with  regard  to  engine  couplings,  and  shall  not  differ  appreciably 
in  performance,  it  is  necessary  to  impose  certain  limits  of  error 
for  every  dimension.  Owing  to  the  fact  that  timber  is  at  present 
an  unsatisfactory  material,  because  of  the  effect  of  atmospheric 
conditions  upon  its  physical  properties,  and  also  that  the  finished 
shape  of  a  propeller  depends  largely  upon  the  skill  of  the  hand 
labour  employed  upon  it,  such  limits  cannot  be  very  fine,  and 
airscrews  which  lie  within  the  dimension  limits  imposed  m$fy 
consequently  vary  considerably  in  performance.  The  most 
important  dimension  limits  determining  the  possible  variation  of 
the  aerodynamic  features,  are  those  for  the  diameter,  and  for  the 
blade  widths,  maximum  thicknesses  and  the  blade  angles  at  the 
sections  considered. 
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In  general,  the  limits  for  the  diameter  are  ±  4  mm.,  and 
these  possible  variations  do  not  affect  the  airscrew  performance 
to  an  appreciable  amount. 

In  the  case  of  the  blade  widths  and  thicknesses  it  is  practic- 
able to  limit  these  within  ±  I  mm.  of  the  drawing  dimension 
over  the  effective  portion  of  the  blade  with  a  greater  limit  of 
±  3  mm.  at  the  root  sections,  and  with  these  limits  the  possible 
variation  of  aerodynamic  performance  is  negligible. 

The  most  important  of  the  limits  imposed  is  that  for  the 
blade  angles.  Owing  to  the  airscrew  being  composed  of  lamina- 
tions of  different  timber  of  varying  physical  properties,  the 
airscrew  blade  is  always  liable  to  twist  during  working,  and  the 
following  limits  are  probably  the  most  accurate  to  be  realised  in 
practice.  With  these  a  variation  of  ±  i°  in  the  blade  angles  at 
the  root  sections  is  allowed,  and  ±  £°  throughout  the  effective 
portion  of  the  blade. 

With  these  limits  the  possible  variation  of  characteristics  of 
airscrews  constructed  to  a  certain  drawing  can  be  calculated  by 
assuming  the  maximum  and  minimum  possible  values  of  the 
blade  angles,  and  performing  the  analysis  for  various  flight 
conditions  of  the  two  airscrews.  In  general  it  will  be  found  that 
the  variation  of  efficiency  is  negligible,  and  that  the  horse-power 
absorbed  may  vary  by  about  6  per  cent.,  corresponding  to  a 
variation  of  airscrew  revolutions  of  about  2  per  cent. 

Hence  we  may  anticipate  that  the  airscrews  as  designed  for 
1080  r.p.m.  at  I2om.p.h.  on  an  engine  developing  36ob.h.p.  may 
actually  vary  in  speed  from  1069  r.p.m.  to  1091  r.p.m.  when 
constructed  to  the  same  drawing.  The  effect  of  these  construc- 
tional limitations  must  be  considered  in  the  final  design  of  the 
airscrew  after  preliminary  tests. 

Modification  to  preliminary  Design  after  Test. — In 
general,  the  airscrew  as  designed  by  the  preliminary  methods 
described  will  not  absolutely  fulfil  the  requirements,  although  its 
performance  should  be  sufficiently  close  to  that  anticipated  to 
decide  the  alterations  required. 

The  principal  Causes  of  Error  in  the  preliminary 
Design  are  : 

1.  The    limits    of    accuracy    of    the    blade-element 
theory. 

2.  Errors  in  the  particulars  of  the  desired  machine 
performance  submitted. 

3.  Interference  with  the   air   flow   round   the   pro- 
peller, due  to  adjacent  parts  of  the  machine. 
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Of  these  (i)  is  probably  very  small,  and  in  general  it  will  be 
found  that  if  the  errors  due  to  (2)  and  (3)  can  be  eliminated,  the 
airscrew  will  give  the  designed  performance  with  close  limits  of 
accuracy. 

Effect  of  Inaccuracy  of  Design  Particulars  upon  the 
Airscrew  Performance. — Except  in  the  cases  where  the 
machine  performance  can  be  deduced  by  comparison  with  test 
results  of  very  similar  types,  the  design  particulars  are  based 
upon  performance  calculations,  and  these  are  generally  by  no 
means  reliable,  the  chief  sources  of  error  arising  from  the  effect  of 
mutual  interference  between  the  air  flow  round  adjacent  portions 
•of  the  machine  upon  the  total  resistance,  and  the  difference  in 
the  power  developed  by  the  engine  in  the  air  and  when  under- 
going bench  tests. 

For  this  reason  the  preliminary  design  should  always  be 
modified,  as  the  result  of  analysis  under  the  actual  flight  condi- 
tions, to  obtain  maximum  efficiency  under  these  flight  conditions. 

The  test  figures  usually  received  for  an  experimental  airscrew 
are  r.p.m.  and  true  air  speed  at  top  speed,  and  r.p.m. 
and  rate  of  climb  at  the  best  climbing  speed,  in  each  case 
at  the  altitude  at  which  the  airscrew  is  required  to  work. 

From  the  analysis  it  is  obvious  that  in  event  of  the  air  speed 
•obtained  being  less  than  that  for  which  the  airscrew  is  designed, 
the  r.p.m.  will  be  less  than  the  designed  r.p.m.,  and  that  the  same 
result  is  obtained  if  the  power  developed  by  the  engine  in  the  air 
is  less  than  that  anticipated  from  the  design  particulars.  In  the 
case  of  an  airscrew  which,  on  test,  revolves  at  less  than  the 
designed  normal  r.p.m.,  the  horse-power  absorbed  by  the  airscrew 
must  be  reduced,  and  this  result  can  be  obtained  by 

(a)  Reducing  the  pitch  of  the  airscrew  ; 

(d)  Reducing  the  blade  width  and  thickness  at  various 
sections ; 

(c]  Reducing  the  blade  diameter  ; 

(d)  Combination  of  (a\  ($),  and  (c). 

The  actual  method  employed  depends  upon  the  comparison 
•of  the  actual  performance  with  the  design  particulars.  If  the 
true  air  speed  obtained  is  considerably  less  than  that  anticipated, 
the  airscrew,  when  working  at  normal  r.p.m.,  will  be  working  at 
fairly  large  values  of  the  angles  of  attack,  and  the  desired 
increase  of  r.p.m.  can  be  obtained  by  decreasing  the  face  pitch, 
so  that  the  angle  of  attack  at  normal  r.p.m.,  and  the  actual  air 
speed  obtained,  will  be  as  decided  upon  from  the  speed-range 
•conditions.  In  the  case  of  the  air  speed  obtained  being  compar- 
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able  to  that  anticipated,  but  with  the  airscrew  r.p.m.  below  the 
normal  r.p.m.  required,  the  horse- power  absorbed  can  be  reduced 
by  reducing  the  blade  width  and  thickness  throughout  the 
effective  portion  of  the  blade,  without  affecting  the  aerodynamic 
theoretical  efficiency.  In  this  case,  after  reducing  the  sections, 
the  stress  calculations  for  the  blade  should  be  performed,  to 
ensure  that  the  stresses  are  not  increased  beyond  safe  limits  by 
the  reduction  of  the  section  dimensions. 

In  the  event  of  the  speed  obtained  being  less  than  anticipated, 
but  with  the  airscrew  speed  showing  a  greater  falling-off  in 
corresponding  r.p.m.,  the  pitch  and  the  blade  widths  should  be 
reduced  together.  Similarly  in  the  case  of  an  airscrew  over- 
revving,  the  normal  r.p.m.  can  be  obtained  by  increasing  the 
face  pitch  and  the  blade  width  as  indicated  by  the  machine 
performance. 

The  actual  adjustment  necessary  can  be  decided  satisfactorily 
only  by  actual  experience,  but  the  following  process  will  give 
satisfactory  results  : — 

Using  the  test  results  obtained,  analyse  the  air- 
screw from  its  section  dimensions  and  obtain  a 
theoretical  value  for  the  power  absorbed  under  these 
conditions.  Using  this  value  as  the  engine  b.h.p.,  and 
the  air  speed  realised  as  V  for  normal  r.p.m.,  redesign 
the  airscrew,  obtaining  the  blade  angle  from  considera- 
tions of  angle  of  attack  throughout  the  speed  range, 
and  from  the  calculated  value  of  the  power  absorbed 
obtain  the  necessary  values  of  blade  width  through- 
out the  blade. 

This  will  also  correct  the  value  of  horse-power  absorbed  for 
the  effect  of  interference  in  the  air  flow,  without,  however, 
determining  the  effect  of  the  interference  upon  the  efficiency  of 
the  blade,  but  in  general  the  variation  of  angle  of  attack  (which 
affects  the  efficiency)  due  to  this  interference  is  sufficiently  small 
to  be  neglected,  except  in  its  effect  upon  power  absorbed. 

Particular  Cases. —  Under-camber. — In  the  case  of  the 
airscrews  chosen  as  example  of  design,  the  case  of  the  four- 
blader  over-revving  can  be  corrected  by  variation  of  pitch  or 
blade  widths,  as  shown  by  the  speed  obtained.  Should  this 
propeller  under-rev,  and  the  flight  speeds  realised  preclude  the 
reduction  of  face  pitch,  the  desired  increase  of  r.p.m.  can  be 
obtained  by  a  slight  decrease  in  the  diameter  (this  decrease  being 
very  small,  since  in  similar  airscrews  b.h.p.  absorbed  oc  «3  D5) 
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or  by  slight  convex  under-camber,  which  will  reduce  the  lift  and 
drift  coefficients  at  the  sections  thus  altered  without  decreasing 
the  airscrew  strength,  as  would  be  done  by  further  reducing  the 
blade  width.  The  section  at  radius  75  would  then  be  as  shown 
in  Fig.  5  5  A,  and  the  sections  throughout  the  blade  would  be 
altered  in  a  similar  manner. 

In  the  case  of  the  two-bladed  airscrew  under-revving  it  is 
desirable  to  reduce  the  face  pitch,  but  in  the  event  of  the  air- 
screw over-revving  without  realising  a  higher  top  speed,  it  would 
reduce  the  efficiency  of  the  airscrew  considerably  to  either 
increase  the  blade  width  or  face  pitch,  and  the  most  satisfactory 
way  of  reducing  the  r.p.m.  would  be  by  hollowing  out  the  pitch 


FIG.  55. — Typical  Sections  with  Under  Camber. 

side  as  discussed  in  Chapter  VI.,  and  as  shown  in  Fig.  553.  In 
each  case  the  effect  of  under-camber  will  be  sufficient  to  increase 
or  decrease  the  r.p.m.  by  about  3  per  cent. 

Airscrews  over-revving. — In  most  airscrews  the  limiting 
value  of  the  r.p.m  is  fixed  by  the  engine  design,  as  most  aero- 
engines are  designed  to  give  maximum  efficiency  at  the  normal 
r.p.m.,  any  variation  from  this  normal  r.p.m.  producing  a  falling- 
off  in  efficiency  and  power  developed.  In  designing  airscrews 
for  war  machines  it  is  often  advantageous  to  obtain  slight 
increase  of  top  speed  at  the  expense  of  engine  efficiency, 
and  in  most  aero  engines  it  is  permissible  to  exceed  normal 
r.p.m.  by  about  10  per  cent,  for  short  periods.  In  the  case  of  a 
machine  with  an  airscrew  designed  for  normal  r.p.m.  at  top 
speeds  flying  level,  the  maximum  r.p.m.  could  only  be  reached 
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when  the  air  speed  of  the  machine  exceeded  the  designed  top 
speed,  as  in  the  case  of  a  dive  with  the  engine  running  all  out. 

At  the  maximum  r.p.m.  the  engine  b.h.p.  is  usually  slightly 
higher  than  at  normal  r.p.m.,  and  for  fast  fighting  machines  it  is 
customary  to  reduce  the  pitch  of  the  airscrew  below  the  normal 
amount,  so  that  when  opened  full  out  at  top  speed  the  engine 
r.p.m.  correspond  to  the  maximum  r.p.m.  With  this  method  of 
design  the  airscrew  is  slightly  less  efficient  at  top  speeds,  but  the 
increased  engine  b.h.p.  counterbalances  this,  and  also  the 
engine  can  only  be  opened  out  at  top  speeds  for  short  periods. 
At  climbing  speeds  the  engine  can  be  run  at  full  throttle,  with  a 
consequent  slight  increase  of  horse-power  available  due  to  the 
higher  r.p.m.  obtained,  and  consequently  the  all-round  perform- 
ance of  the  machine  is  improved  at  the  expense  of  engine  life 
and  efficiency. 


CHAPTER   XI. 

MISCELLANEOUS  PROBLEMS  IN  AIRSCREW  DESIGN. 

IN  addition  to  the  design  of  propellers  for  the  dynamic  flight 
of  aeroplanes  under  specified  conditions  of  air  speed,  the  funda- 
mental airscrew  design  theory  is  used  to  solve  various  problems 
relating  to  propulsion  and  dissipation  of  energy  by  the  displace- 
ment of  air,  of  which  the  following  form  the  chief  examples, 

i.  Airship  Propellers. — The  design  procedure  for  airship 
propellers  is  similar  to  that  adopted  for  aeroplane  propellers, 
but  in  general  the  airscrew  r.p.m.  for  the  airship  are  about  half 
the  r.p.m.  of  the  aeroplane  propeller,  and  the  speed  range  of  the 
airship  is  much  less. 

As  a  typical  example  we  may  consider  a  large  modern  rigid 
airship  of  the  Zeppelin  type,  with  a  total  capacity  of  about 
2,000,000  cu.  ft.  and  a  lift  of  about  60  tons,  fitted  with  five 
engines  of  a  total  horse-power  of  1350  b.h.p.  Each  of  these 
engines  developing  270  horse-power  is  geared  to  drive  the  air- 
screw shaft  at  540  r  p.m.,  and  the  maximum  speed  obtained  with 
all  engines  running  is  about  63  m.p.h.  Using  the  method  of 
design  outlined  in  the  previous  chapter,  the  face  pitch  of  the 
propeller  should  be  about  IO'8',  and  from  the  formula 

B.  H.  P.  x  10?  ,  ,  ,    ,    ,    . 

D4  = — j-=r —  for  a  two-bladed  airscrew 

2  '6     X     fP  Pip 


„ 


4/ 

=  V  2- 


270  x 


3x  10-8        - 

In  a  rigid  airship  of  the  size  assumed  there  would  be  no 
objection  to  an  airscrew  of  this  diameter,  and  the  propeller 
diameters  in  rigid  airships  in  general  vary  between  16  feet  and 
19  feet.  Hence,  in  the  case  of  airships,  the  airscrews  being  of 
much  larger  diameter  and  running  at  slower  speeds  than  for 
aeroplanes,  a  higher  propulsive  efficiency  with  a  lower  slip- 
stream velocity  is  obtained  for  the  same  value  of  the  forward 
velocity. 

The  airship,  being  used  more  for  patrol  and  long-distance 
journeys  than  is  the  case  with  the  aeroplane,  does  not  perform 
most  of  its  work  at  top  speed,  but  at  the  cruising  speed  giving 
the  most  economical  fuel  consumption  for  the  distance  covered, 
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and  generally  operates  either  with  the  engines  throttled  down  to 
about  half  full  power  or  with  three  of  the  five  engines  running. 

In  an  airship  the  total  resistance  varies  approximately  as 
Vj1'86  and  hence  the  total  power  absorbed  varies  as  Vj2'86,  and 
with  this  relation  we  have  the  following  values  of  forward  speed 
for  different  conditions  of  engine  power  : — 

No.  of      1 

12^4  < 

engines     } 

Tillable  }  27°  H'R     54°  H.P.      810  H.P.      1080  H.P.     1350  H.P. 
36m.p.h.    45  m.p.h.    52-5  m.p.h.      58  m.p.h.      63  m.p.h. 

Thus,  even  with  four  of  the  five  engines  cut  out,  the  air 
speed  only  falls  off  by  about  40  per  cent,  of  the  designed  top 
speed,  and  at  normal  cruising  at  about  half  full  power  the  airship 
speed  is  about  78  per  cent,  of  the  top  speed.  Under  these  cir- 
cumstances, when  cruising  on  two  or  three  engines,  the  effective 
helix  angle  and  angle  of  attack  of  the  airscrew  blade  does  not 
vary  to  a  very  large  extent  from  that  at  the  designed  speed.  If 
the  power  required  at  cruising  speed  is  obtained  by  throttling 
down  all  the  engines  to  the  required  amount,  it  is  found  that  the 
airscrew  r.p.m.  fall  off  at  almost  the  same  rate  as  the  airship 
speed,  so  that  under  these  conditions  the  airscrew  is  working  at 
an  almost  constant  value  of  the  effective  pitch/diameter  ratio. 

Constructional  Features. — Owing  to  the  airship  propeller 
rotating  at  a  slower  speed  than  the  aeroplane  propeller,  the 
bending  stresses  are  of  greater  importance  than  the  centrifugal 
stresses.  In  the  case  of  airscrews  of  different  diameter  and 
speeds  of  rotation  transmitting  the  same  horse-power,  and  of 
similar  proportions,  the  bending  moment  at  any  section  varies 
approximately  as  Dl  while  the  relative  stiffness  of  the  section 
varies  as  D3,  so  that  with  the  large  diameter  airship  propellers 
the  bending  stresses  are  less  than  in  similar  high-speed  aeroplane 
propellers  absorbing  the  same  horse-power.  Because  of  this, 
airship  propellers  can  be  made  of  thinner  sections  than  the 
typical  aeroplane  propellers,  and  greater  aerodynamic  efficiency 
can  be  obtained.  Owing  to  the  slower  tip  speed  and  decreased 
vibration  with  the  slower  speeds  of  revolution,  the  stresses 
tending  to  split  the  airscrew  along  the  trailing  edge  are  not 
serious  in  the  airship  propeller,  and  these  propellers  when 
tested  to  destruction  usually  fail  by  end-grain  stresses.  Since 
these  end-grain  stresses  can  be  calculated  quite  accurately,  by 
increasing  the  camber  and  stiffness  of  the  sections  to  keep  these 
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stresses  within  safe  limits,  timber  of  poorer  quality  than  the 
usual  propeller  stock  can  be  used  without  fear  of  failure  due  to 
the  cross-grain  stresses. 

Most  large  diameter  airship  propellers  are  now  constructed 
of  the  softer  woods,  such  as  poplar,  spruce  pine,  sycamore,  and 
maple,  the  whole  being  covered  with  a  veneer  of  hard  wood 
(walnut  or  birch)  of  about  3  mm.  thickness,  to  prevent  surface 
damage  by  accidental  knocks,  rain,  &c.,  and  these  airscrews  are 
quite  satisfactory  in  service.  These  propellers  are  usually  made 
with  the  same  proportions  regarding  blade  width,  &c.,  as  the 
typical  aeroplane  propellers  previously  analysed,  but  if  hard 
woods  such  as  mahogany  are  used,  the  propellers  can  be  made 
of  thinner  section.  The  weight  is  similar  in  each  case,  and  in 
the  case  of  an  18'  diameter  propeller  would  be  about  220  Ibs. 
the  weight  varying  approximately  as  D3.  In  order  to  reduce 
the  weight  of  the  propeller  the  sections  are  frequently  made 
with  a  concave  under-camber,  as  in  Fig.  556. 

Since  airships  are  required  to  work  under  all  weather  condi- 
tions the  airscrews  are  usually  fitted  with  a  brass  tip,  and  are 
provided  with  lightning  conductors.  These  conductors  take  the 
form  of  a  thin  rod,  or  strip  of  copper,  let  into  the  leading  edge  of 
the  airscrew  and  connecting  with  the  brass  tip  and  one  of  the 
bolts  in  the  engine  coupling. 

Reversible  and  Swivelling  Airship  Propellers. — To- assist 
in  manoeuvring  the  airship  the  airscrews  are  usually  fitted  on  a 
coupling  which  can  be  swivelled  in  all  directions,  so  that  the 
thrust  can  be  exerted  either  upwards,  downwards,  or  forwards, 
and  as  it  may  be  necessary  at  times  to  go  in  the  reverse 
direction,  a  certain  proportion  of  the  propellers  on  any  airship 
must  be  capable  of  being  driven  in  the  reverse  direction  and 
giving  a  reversed  thrust.  For  the  propeller  to  be  as  efficient 
when  running  in  the  reverse  direction  the  sections  should  be 
symmetrical,  but  in  general  the  thrust  in  the  reverse  direction  is 
not  important,  and  the  airscrew  r.p.m.  are  much  less  than  when 
revolving  normally.  Under  these  conditions  a  slight  thickening 
of  the  trailing  edge  is  sufficient  to  ensure  the  blade  not  splitting 
when  reversed,  but  to  avoid  the  metal  tip  being  stripped  off  it 
should  be  very  carefully  and  securely  fixed. 

Helicopters  and  Direct  Lift  Machines. — The  problem  of 
direct  lift  machines,  with  the  power  to  land  in  a  small  space  and 
to  hover  over  any  point  for  any  length  of  time,  has  not  received 
the  consideration  that  the  aeroplane  has  had  in  the  matter  of 
research  and  development,  but  it  is  possible  that  the  study  of 
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the  helicopter  possibilities  may  lead  to  the  design  of  successful 
aircraft  of  this  type. 

The  lifting  propellers  of  a  helicopter  are  working  with  a 
translational  velocity  of  practically  zero,  since  the  rate  of  climb 
in  the  vertical  direction  is  always  small  compared  with  the 
rotational  velocity,  and  the  conditions  of  working  are  similar  to 
those  of  an  aeroplane  propeller  when  rotating  without  forward 
velocity.  With  the  normal  type  of  aeroplane  propeller  the 
maximum  thrust  obtainable  per  horse-power  is  about  7  Ibs.,  the 
thrust  per  horse-power  varying  with  the  pitch  and  speed  of 
revolution  as  under. 

In  the  case  of  an  airscrew  of  diameter  D  and  face  pitch 
PF  revolving  at  n  revs,  per  sec  ,  the  assumed  value  of  the  inflow 
velocity  is  *6  n  PF  ft.  /sec.  approximately,  and  in  the  case  of  the 
helicopter  the  velocity  of  direct  lift  will  not  in  general  exceed 
this  value. 

When  working  at  this  value  of  effective  pitch/diameter  ratio, 
corresponding  to  the  static  revolutions,  the  efficiency  of  a  well- 
designed  airscrew  may  vary  from  '6  to  •/,  depending  upon  the 
pitch/diameter  ratio.  The  thrust  obtained  from  such  an  air- 
screw revolving  with  negligible  forward  velocity 

=  H.  P.  x  t)  x  550 
Vi 

and  thrust  per  H.  P.  =  n  * 
" 


6  n  PF 

approximately. 


Hence,  in  the  case  of  the  normal  aeroplane  propeller  with 

n  =  20      PF  =  8  feet 
the  maximum  static  thrust  obtainable 

=  ff-°  -  3'5  Ibs.  per  H.  P. 

To  maintain  an  efficient  helicopter  the  thrust  per  horse-power 
should  be  at  least  comparable  with  the  weight  per  horse-power 
of  the  normal  aeroplane,  and  a  minimum  value  of  20  Ibs.  per 
horse-power  is  desirable.  With  an  airscrew  of  face  pitch  =  8  feet 
revolving  at  210  r.p.m.  this  could  be  obtained,  but  an  airscrew  of 
this  type  absorbing  100  horse-power  would  require  a  diameter  of 
30  feet.  The  thrust  per  horse-power  does  not  increase  indefi- 
nitely with  the  decrease  in  value  of  n  PF,  and  the  maximum 
thrust  per  horse-power  obtainable  under  optimum  conditions  is 
about  35  Ibs.  /horse-power. 

The  more  exact  calculations  for  the  performance  of  helicopter 
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airscrews  can  be  performed  by  use  of  the  blade-element  theory, 
with  the  same  assumptions  regarding  inflow  velocity,  but  the 
approximate  deductions  arrived  at  tend  to  show  that  efficient 
helicopter  propellers  should  rotate  at  very  slow  speeds,  and 
should  be  of  a  diameter  comparable  with  the  span  of  the  normal 
aeroplane.  Under  these  conditions  the  aerodynamic  forces  upon 
the  airscrew  blades  would  be  comparable  with  those  on  the 
aeroplane  main  planes,  and  the  airscrews  could  be  constructed 
of  fabric  stretched  over  frames  reinforced  with  spars,  as  in 
modern  methods  of  constructing  aeroplane  wings. 

Aerial  Propulsion  of  Water  Craft. — It  has  been  success- 
fully attempted  to  apply  the  airscrew  to  the  propulsion  of  water 
craft  where  circumstances  render  the  use  of  marine  propellers 
inadvisable,  as  in  the  case  of  shallow-draft  boats,  vessels  for  use 
in  weed-infested  rivers,  and  canal  barges,  where  the  wash  of  a 
marine  propeller  would  destroy  the  canal  banks. 

It  is  possible  to  obtain  a  high  efficiency  with  such  propulsion 
provided  that  there  is  no  serious  interference  in  the  air  flow 
before  reaching  the  propeller,  and  for  this  reason  the  propeller 
diameter  must  be  restricted  as  much  as  possible. 

The  design  procedure  and  method  of  construction  for  such 
propellers  are  similar  to  those  for  the  aeroplane  propeller,  but 
owing  to  the  comparatively  slow  speed  the  working  conditions 
are  generally  comparable  to  the  static  revolutions  of  the  high- 
speed aeroplane  propeller. 

Fan  Brakes  and  Cooling  Fans. — For  the  testing  of  aero 
engines  various  forms  of  fan  brake  are  used,  of  which  two  are  of 
the  '  airscrew '  type.  These  are  used  chiefly  for  the  final  tests  of 
long  duration,  hydraulic  or  electrical  fan  brakes  being  used  for 
measuring  the  horse-power  developed  by  the  engine  in  its 
experimental  stages. 

In  the  case  of  airscrews  used  for  fan  brakes,  these  are  designed 
to  absorb  the  normal  horse-power  of  the  engine  at  normal  r.p.m. 
and  under  conditions  of  no  translational  velocity.  Under  these 
conditions  the  inflow  velocity  is  assumed  as  before  to  be  one- 
half  the  slip-stream  velocity,  and  the  horse-power  absorbed 
calculated  with  this  assumption.  Before  being  used  as  fan 
brakes  these  airscrews  are  tested  upon  an  electric  spinning  plant 
and  calibrated,  the  power  absorbed  at  various  r.p.m.  being 
marked  on  the  blades.  In  the  case  of  airscrew  fan  brakes  made 
to  the  same  drawing  within  working  limits,  the  power  absorbed 
may  vary  by  as  much  as  10  per  cent,  and  it  is  probable  that 
this  difference  is  largely  due  to  the  conditions  when  tested 
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affecting  the  air  flow  round  the  airscrew.  For  this  reason,  when 
calibrated  airscrews  are  used  as  fan  brakes,  the  conditions  in  use 
should  approximate  to  those  at  the  time  of  calibration  as 
regards  position  of  adjacent  objects,  and  corrections  made  for 
variation  in  air  density.  Airscrews  when  used  as  fan  brakes 
produce  the  same  conditions  regarding  slip-stream  velocity  and 
airscrew  thrust  as  occur  in  actual  flight,  and  so  are  very  con- 
venient for  running  final  duration  tests. 
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FIG.  56. — Fan  Brake  for  80  h.p.  Rotary  Engine. 

"Walker  Fan  Brakes. — In  this  type  of  air  fan  brake  the 
blades  consist  of  flat  plates  bolted  to  radial  arms,  with  their 
planes  perpendicular  to  the  plane  of  rotation,  so  that  the  air 
pressure  normal  to  the  plates  resists  the  engine  torque. 

A  typical  fan  brake  of  this  type,  designed  to  absorb  about 
80  horse-power  at  1260  r.p.m.,  is  shown  in  Fig.  56. 

The  arms  are  usually  constructed  of  specially  selected  ash, 
sawn  out  of  one  piece,  and  have  several  holes  drilled  as  shown, 
in  order  that  the  plates  may  be  moved  along  the  arms  to  absorb 
different  horse-powers. 

The  plates  are  usually  constructed  of  aluminium  about  £"  in 
thickness,  and  are  fixed  by  two  or  three  £"  bolts.  Various  sized 
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plates  can  be  used  at  different  radii  to  absorb  various  horse- 
powers, with  the  same  radial  arms,  and  before  being  used  these 
brakes  are  calibrated  on  an  electric  motor  and  curves  drawn 
showing  the  horse-power  absorbed  at  different  r.p.m.  for  the 
various  plates  at  the  different  radii.  When  four-bladed  fan 
brakes  are  used,  it  is  usual  to  use  two  two-bladers  bolted 
together  at  right  angles. 

The  proportions  of  the  plates  and  arms  are  calculated 
generally  from  empirical  formulae,  and  the  final  adjustments 
made  by  filing  the  plates  during  calibration.  The  following 
formulae  may  be  derived  from  the  laws  of  normal  pressure  on  a 
square  plate,  the  experiments  at  the  N.  P.  L.  showing  that 

Normal  pressure  on  square  plate  =  K  -  A  V2  Ibs. 

g 

where  K  is  a  constant  depending  upon  the  size  of  the  plate,  and 
varies  from  "52  for  plates  of  2"  side  to  "62  for  plates  of  10  feet 
side  ;  p  is  the  mass  density  of  the  air,  A  the  area  of  the  plate, 
and  V  the  air  velocity  relative  and  normal  to  the  plate. 

Applying  this  result  to  the  fan  brake  with  square  plates, 
shown  in  Fig.  56,  where 

RA  =  Outside  radius  of  plate 
RB  =  Inside  radius  of  edge  of  plate 
S  =  RA  -  RB  =  Side  of  square  plate 

and  assuming  a  mean  value  of  K  £  =  '56  x  '00238 

o 

=  -00131 

Then  considering  an  element  of  width  dr  at  radius  r, 

The  torque  exerted  by  the  wind  pressure  on  this  element 


=  '00131   x  S  d  r  x  (2  TT  n  r)z  x  r 
and  total  torque  on  plate  =  TP 

RB 

=  '00131   x  S  x  (2  TT  n)~    I    r8  d  r 


=  -0129  x  «2S{RB4  -  RA4} 

S2[(RB  +  RA)(RB2  +  RA2)] 


Applying  this  result  to  dimensions  shown  in  Fig.  56,  where 

n  =  21       S  =  '8  feet       RB  =  2-25'       RA  =  1-45' 
Torque  on  each  plate 

=  '0129  x  2i2  x  '64  x  3'7  x  [2'io  +  5'o6]  Ibs.  ft. 
=  96-4  Ibs.  ft. 
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A  more  approximate  formula  may  be  obtained  by  assuming 
a  mean  air  pressure  across  the  plate  equal  to  the  pressure  at  the 
centre  of  area,  and  then 

Torque  =  K  p-  A  V2  x  - 

g 
=  '00131   x  S2  x  (2  TT  n  rf  x  r 

=  '0129  x  4  S2  n2  x  i& 

T3         _t_     "D 

where  ^  =  radius  of  C.  G.  of  plate  =      A 


2 

applying  this  result  to  the  fan  brake  in  Fig.  56 


S  =  -8  RA 


B  =  ,=  r8,' 


n  =  21  2 

Torque  on  each  plate  =  '0129  x  4  x  -64  x  441  x  6'33  Ibs.  ft. 
=  92*2  Ibs.  ft. 

The  following  formula  has  been  derived  by  Hodgson  for  use 
with  circular  or  square  plates  :  — 

Resisting  torque  due  to  each  plate  =  TP  =  K  n2  RB8  S2  ^ 

o 

where  S  =  diam.  of  circular  plate  or  side  of  square  plate,  and  K 

•D 

is  a  constant  depending  upon  the  ratio   CB  as  in  table. 

O 

RB 

Ratio  -g-  123456789         10 

K  —  Square  plate     lo'oo   19-25    20-4    ig'6    19-00    i8'6    18-3    18*3    i8'3    18*3 
K  —  Circular  plate     8-23    14-3      15-1    14-5    14-2      14-1     14'!     14'!     14'!     14'! 

Applying  these  results  to  the  fan  brake  in  Fig.  56, 

RB         2  '2S  0        j  v 

—  -  =  —  =  =  2'8  and  K  =  20'  i  approx. 
S  '8 

Then      TP  =  20-1  x  441  x  2'253  x  -64  x  -002375 
=  154  Ibs.  ft. 

The  result  obtained  by  the  empirical  formula  is  about 
55  per  cent,  greater  than  as  obtained  by  the  approximate 
formula  derived  from  first  principles,  and  the  difference  is  pro- 
bably due  to  air  flow  eddies  at  the  edges  of  the  plate  and  the 
interference  effect  between  the  two  arms. 

The  total  resistance  of  the  fan  brake  is  made  up  of  that  due 
to  the  plates  and  that  due  to  the  arms.  The  torque  absorbed 
by  the  arms  is  small  compared  with  that  absorbed  by  the  plates, 
and  depends  upon  the  section  of  the  arms.  If  t  =  width  of  arm 
in  feet  normal  to  the  path  of  rotation,  using  the  integral  method 
as  with  the  plates, 
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Torque  absorbed  by  element 

=  </TA  =  K,£  AY*  x  r 
S 

=  Kn  °  /  d  r  x  (2  TT  n  r)~  x  r 

V 

Torque  absorbed  by  each  arm 


=  T 


=  iv-i  —  /  x  4  T"  ^    / 
g  J 


=   K,      7r2  /  X 


and  Kj  depends  upon   the   section  of  the  arm.     From  actual 
experiment  Hodgson  gives  the  following  formula : — 

TA  =  £  x  «2  x  RA*  x  /  x  3-15  x  tr 

o 

where  a  depends  on  the  section  of  the  arm,  as  in  table. 


TYPE  OF  SECTION 


Square,  one  side  normal  to  air  flow 

Short  side  normal     „  ..        Long  side  f  2 
Rectangular.  .    flnw  Ratio. 


Circular  section 

Streamline,  Section  fineness  =  5 


I-63 


I'OO 


•15 


In  the  example 

n  =  21  RA  -  1-45 

/  =  '177  and   a    =  1*13 
Then  torque  absorbed  by  each  arm 

=  -00238  x  441  x  -177  x  3-15  x  1-13  x  1-45* 
=  3-0  Ibs.  ft. 

and  the  total  torque  absorbed  by  the  fan  brake 
=  2  (TA  +  TP) 
=  2  {154  +  3}  =  314  Ibs.  ft. 

And  B.  H.  P.  absorbed 

Torque  x  2  w  n, 

55° 
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On  actual  calibration  tests  this  fan  brake  absorbs  80  horse- 
power at  about  1250  r.p.m. 

Constructional  Features — Stresses. — With  this  type  of 
fan  brake  the  nature  of  the  air  flow  round  the  plates  causes  a 
good  deal  of  vibration  and  non-uniform  torque.  In  cases  of 
failure,  this  usually  occurs  through  pure  bending  stresses,  and  in 
the  stress  design  of  the  arms  they  should  be  considered  as 
cantilevers.  Ash  is  the  best  material  for  fan  brake  arms  owing 
to  its  elasticity,  and  in  design  a  large  factor  of  safety  should  be 
allowed,  a  maximum  value  of  stress  permissible  being  about 
1 500  Ibs.  per  sq.  in.  To  avoid  fracture  and  excessive  vibration, 


FIG.  57. — Air  Flow  and  Forces  at  Typical  Windmill  Section. 

the  arm  should  be  run  into  the  boss  with  as  large  a  radius  as 
possible,  and  many  cases  of  failure  of  this  type  of  fan  brake  can 
be  attributed  to  the  sudden  change  of  section  near  the  boss. 

Windmills. — The  action  of  the  windmill  is  similar  to  other 
forms  of  airscrew,  in  that  each  element  forming  the  blade  acts  as 
an  aerofoil  moving  in  a  helical  path,  but  as  distinct  from  the 
propelling  airscrew  which  develops  useful  thrust  by  the  throwing 
back  of  a  column  of  air,  and  is  actuated  by  mechanical  power, 
the  windmill  derives  its  motion  from  the  air  flow  past  the  blades 
and  absorbs  some  of  the  energy  of  this  moving  column  of  air, 
converting  it  into  mechanical  work. 


V  =  2irnr  tan  0  =  — x  W  = 
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In  aeronautical  engineering  the  windmill  forms  a  convenient, 
if  inefficient,  means  of  driving  small  auxiliary  plant,  such  as  the 
pressure  pumps  for  petrol  and  oil,  electric  generators,  and  air 
compressors,  the  chief  advantage  of  the  windmill  over  the  direct 
drive  by  gearing  from  the  engine  being,  that  in  a  glide,  or  during 
a  temporary  engine  failure,  the  auxiliary  plant  can  still  be 
relied  upon. 

The  blade  element  theory  of  the  windmill  can  be  developed 
in  a  similar  manner  to  that  of  the  propelling  airscrew,  but  if  we 
consider  an  element  at  radius  r  of  a  windmill  rotating  at  n  revs. 
per  sec.  with  the  relative  translational  velocity  V1  to  the  air 
moving  past  it,  then  the  forces  acting  are  as  shown  in  Fig.  57 
(compare  with  Figs.  2  and  3),  and  with  similar  nomenclature. 

_  Vj 

We  have  in  this  case, 

Angle  of  incidence  of  aerofoil  =  6  -  A  =  \(s 

and  from  a  knowledge  of  the  section  dimensions  it  is  possible  to 
find  the  corresponding  values  of  the  lift  and  drift  coefficients  at 
various  values  of  T//  by  means  of  the  curves  and  tables  given  in 
Chapter  II.  Then 

I^i  ft  Force    —  j     • — •  r_  (~^  {£  p  ^\^2  ^  j£ 

g 

Drift  Force  =  I)F  =  PCrfrW2  x  Kx 
g 

And  from  Fig.  57, 

Torque  Force  on  element  =  LF  sin  6  -  DF  cos  6 
Thrust  Force  on  element  =  LF  cos  6  +  DF  sin  6 

The  work  done  on  the  element  by  the  air  stream 

=  Thrust  Force  developed  x  Relative  Translational  Velocity 

=  (LF  cos  6  +  DF  sin  6}  Vl  =  d  Tw  (say) 

=  Total  energy  extracted  from  air  stream  by  the  element. 

And,  useful  energy  developed  by  element 

=  Torque  Force  x  Velocity  of  element  in  rotary  direction 
=  (LF  sin  6  -  Dp  cos  0)  x  V  =  d  Qw  (say). 

And  efficiency  of  element 

Energy  reappearing  as  Torque  power  _  d  Qw 
Energy  extracted  from  air  stream          d  Tw 

These  values  may  be  expressed  in  terms  of  the  aerodynamic 
features  of  the  section  as  below  : — 
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=  (LFcos0  +  Dp  sin  0)  x  Va 

=  £  C  dr  V,  W3  Kv  cos  8  +  ?- 
g  g 


z  Kx  sin  0 


Vl  [Ky  x  W  cos  0  +  Kx  W  sin  0] 


smfl 


Similarly, 

<f  Qw  =  (LF  sin  0  -  DF  cos  0)  V 

=  PC</rW2V[Kysin0  -  Kx  cos  0] 


g 


and  7?e  = 


» 

COS  0 


[Ky  x  V,  -  Kx  x  V] 


cos  0 


cos  0 


sin  0 


tan  0 


V    - 

1 


V 

y 
v 


] 


tan0 


tan0  - 

y 


i  + 


tan  0 


y  j 

_  i  -  cot  0  tan  Y1 
i  +  tan  0  tan  Yl 

In  the  case  of  an  aerofoil  of  normal  section  and  camber  =  '!,. 
the  value  of  tan  Yx  at  an  angle  of  attack  of  about  i°  would  be 

2  -  -!-  =  '05^5 
L        19 

and  the  curve  of  efficiency  of  such  a  section  element  for  various 
values  of  9  is  shown  in  Fig.  58.  This  curve  is  similar  to  Fig.  10 
for  the  airscrew  blade  element,  but  with  the  angle  90°  -  0° 
corresponding  to  9°  in  that  case. 

The  general  analysis  of  the  windmill  can  now  be  completed 
by  graphical  integration  as  in  the  case  of  the  airscrew,  and  the 
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conditions  of  face  pitch  effect  upon   the  efficiency  is    similar, 
except  that  as  the  maximum  value  of  »je  corresponds  to 

Y  .  Y 

6  =  45  +  -   instead  of  45°  -  -  , 

2  2 

the  optimum  value  of  face  pitch  /  diameter  ratio  for  a  windmill 

will  be  higher  than  for  the  airscrew,  and  theory  and  experiment 

p 

tend   to   show   that    for   maximum  efficiency  ~  =  2  (approxi- 
mately).    A  typical   windmill    for   driving   a    small    motor   for 


10° PY_ 3f -45! dfi! £2! IQl 80! 


FIG  58. — Efficiency  (j;e)  of  Windmill  Blade  Element. 

electric  lighting  and  wireless  is  shown  in  Fig.  59.  This  wind- 
mill was  designed  to  drive  a  motor  developing  '26  horse-power 
at  3000  r.p.m.  when  in  an  80  m.p.h.  air  stream,  and  is  of  the 
following  dimensions  : — 

Diameter  =  14"  Pitch  =  28"' 

Sections  are  considered  at  radii  3",  4^",  and  6",  and  the 
analysis  is  performed  as  shown  in  tabular  form. 

From  this  analysis  it  appears  that  a  windmill  driving  a 
•26  horse- power  motor  absorbs  725  horse-power  from  the  air 
stream,  with  an  over-all  efficiency  of  about  36  per  cent.  This  is 
an  average  value  for  the  efficiency  of  windmill-driven  plant,  and 
the  chief  cause  of  loss  of  energy  is  in  the  mechanical  losses  at 
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the  windmill  bearings  and  in  the  motor.  Hence,  in  designing 
windmill  propellers  for  auxiliary  machines,  it  is  generally 
advisable  to  design  a  windmill  that  will  absorb  about  2*5  to  3 
times  the  horse-power  required,  and  to  arrive  at  a  final  design  as 
the  result  of  trial  and  error. 

Design  Procedure. — The  preliminary  design  for  a  windmill 
which  is  to  drive  a  motor  of  a  certain  power  at  n  r.p.s.  when  in 
an  air  stream  of  Vx  f.p.s.  may  be  arrived  at  as  follows  : — 

The  value  of  the  face  pitch  can  be  arrived  at  by  taking 

p,  -  * 

n 

so  that  the  angle  of  attack  under  the  designed  flight  conditions 
will  be  zero.  The  number  of  blades,  blade  width,  and  diameter 
must  be  decided  upon  together. 

In  two-bladed  and  four-bladed  windmills  it  is  usual  to  make 
the  blade  wider  in  proportion  to  the  diameter  than  in  the  pro- 
pelling airscrew,  and  the  blade  is  made  wide  towards  the  blade 
tip,  the  proportion  diameter/blade  width  being  generally  about 
9.  In  windmills  of  more  than  four  blades  the  proportion  of 
blade  width  to  diameter  is  similar  to  that  in  the  aeroplane 
propeller.  With  these  proportions  in  a  two-bladed  windmill 

H.P.  absorbed  from  air  stream  =  1*5  n3  D4PF 
and  approximately 

H.P.  developed  at  motor  =  '5  «3  D*  PF 

From  this  the  diameter  of  the  two-bladed  airscrew  can  be 
calculated,  and  if  a  multi-bladed  windmill  is  used  it  will  be 
found  that 

Diam.  of  4-blader  c     .,  ,... 

— ~*  .  , — - —  for  the  same  conditions  =  '87 

Diam.  of  2-blader 

With  the  preliminary  values  of  diameter  D  and  blade  width 
and  shape  decided  upon,  the  windmill  can  be  analysed  for  the 
desired  flight  conditions,  and  the  power  absorbed  should  be 
made  about  three  times  the  required  horse-power  by  manipula- 
tion of  the  blade  width  and  blade  angle  of  attack.  After  trial, 
any  variation  in  power  absorbed  and  developed  desired  within 
narrow  limits  can  be  obtained  by — 

1.  Reducing  the  blade  width  ; 

2.  Hollowing  out  the  pitch  side  ; 

3.  Increasing  or  decreasing  the  pitch  angles,  an  increase  of 
pitch  decreasing  the  power  absorbed. 

General  Notes  on  Windmills. — When  used  on  aeroplanes 
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windmill  propellers  are  usually  placed  in  the  slip  stream  from 
the  aeroplane  propeller,  the  advantages  being — 

1.  The  increased  velocity  enables  a  smaller  diameter  wind- 
mill to  be  used  ; 

2.  The  slip  stream  velocity  is  practically  constant  throughout 
the  speed  range  of  the  machine. 

If  not  placed  in  the  slip  stream,  the  flow  of  air  past  the 
windmill  varies  in  velocity  with  each  flight  condition,  and  the 
power  delivered  by  the  propeller  falls  off  rapidly  with  the  air 
speed,  so  that  in  the  case  of  a  windmill-driven  pump  or  dynamo 
the  output  is  only  maintained  while  the  machine  is  flying  at 
top  speed.  The  output  of  a  windmill  varies  directly  as  the 
density  of  the  air,  and  one  that  is  sufficient  to  drive  a  pump  or 
dynamo  at  low  altitudes  will  not  be  sufficient  at  great  heights. 

In  general,  it  is  advisable  to  restrict  the  diameter  of  the 
windmill,  and  to  obtain  the  maximum  power  from  a  certain 
diameter  of  air  stream  the  blades  must  either  be  very  wide  or 
the  windmill  must  be  made  up  of  a  large  number  of  narrow 
blades.  It  is  found  in  general  that  a  large  number  of  narrow 
blades  give  less  blade  interference,  and  consequently  absorb 
more  power  than  a  small  number  of  wide  blades. 

In  connection  with  this,  the  following  rational  formulae  have 
been  derived  by  Judge  for  various  types  of  windmill,  and  with 
normal  blade  widths  as  discussed  previously,  the  useful  horse- 
power developed  by  windmills  of  diameter  D  feet  in  an  air 
stream  of  Vj  m.p.h.  velocity  are  as  follows  : — 

2-bladed  windmill  H.P.  =  5-403  x  IQ-?  x  D2  V^ 
4-bladed  windmill  H.P.  =  7^204  x  io*7  x  D2  Vx3 

multi-bladed    windmill,    the   blade    widths   decreasing    as    the 
number  of  blades  increase  up  to  18  blades, 

H.P.  =  9-35  x  io-7  x  D2V3 

In  the  event  of  any  obstruction  in  the  air  stream  before  the 
windmill,  the  power  developed  will  be  less  than  the  calculated 
value,  and  allowance  must  be  made  for  this  effect. 

Construction  of  Windmills. — Windmills  up  to  one  foot  in 
diameter  are  frequently  carved  out  of  a  solid  block  of  timber, 
but  when  larger  than  this  and  made  of  wood  the  blocks  are 
laminated  as  in  propelling  airscrews.  The  blocks  are  shaped  on 
a  copying  machine,  but  it  is  now  usual  to  cast  windmills  in 
aluminium  alloys,  after  the  desired  performance  is  obtained  from 
the  experimental  timber  sample.  The  windmill  is  usually  fixed 
to  the  driven  motor  by  means  of  a  coned  spindle,  and  in  the 
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case  of  the  wood  construction  a  light  bush  of  aluminium  alloy  is 
fitted  and  secured  by  wood  screws,  as  shown  in  Fig.  59. 

Variable  Pitch  Propellers. — From  the  general  theory  of 
airscrew  design,  the  fact  that  each  particular  airscrew  is  working 
with  a  sacrifice  of  efficiency  over  the  greater  proportion  of  the 
range  of  flight  conditions  is  obvious,  and  with  the  development 
of  the  aeroplane  for  commercial  work  this  defect  of  aerial 
propulsion  by  airscrew  will  become  even  more  apparent.  In 
war  machines  of  the  present  day  an  average  speed  range  is 
50-120  m.p.h.,  but  for  safe  commercial  flying,  without  exces- 


FIG. 
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60.  —  Characteristic-  Curves  of  Typical  Airscrew. 


sively  large  aerodromes,  a  landing  speed  of  about  35  m.p.h.  is 
desirable,  and  the  top  speed  may  be  increased  to  the  neighbour- 
hood of  200  m.p.h.  With  the  present  type  of  airscrew,  an 
efficiency  of  85  per  cent,  could  be  obtained  at  this  top  speed, 
with  a  combined  engine  and  airscrew  efficiency  of  about 
72  per  cent.,  but  at  35  m.p.h.  this  combined  efficiency  would  be 
about  25  per  cent. 

To  obtain  a  higher  efficiency  of  the  airscrew  at  low  speeds 
many  types  of  adjustable  propellers  have  been  proposed,  of 
which  the  variable  pitch  propeller  is  the  most  general.  The 
variable  pitch  propeller  while  increasing  the  efficiency  at  low 
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speeds  to  a  certain  extent,  does  not  provide  a  satisfactory  means 
of  preventing  loss  of  efficiency,  and  the  difficulties  of  design  and 
construction  may  be  realised  by  the  consideration  of  actual 
efficiencies. 

We  may  consider  an  aeroplane  of  a  speed  range  of  40  to 
1 20  m.p.h.,  and  fitted  with  an  engine  of  300  horse-power,  and 
normal  speed  1200  r.p.m.  Then,  for  the  top  speed  of  flight,  a 
suitable  face  pitch 

=       V*       -  '76   =  q-rfeet 
n  x  -93       i8'6 

and  a  suitable  diameter  would  be  about  10  feet.  The  charac- 
teristic curves  of  such  an  airscrew  are  shown  in  Fig.  60,  and 
from  these,  assuming  a  normal  type  of  power  curve,  the  airscrew 
efficiency  at  40  m.p.h.  with  engine  speed  =  1020  r.p.m.,  and 

— jL  =  '345  would  be  about  '46,  and  the  power  developed  by  the 

engine  at  1020  r.p.m.  about  250  horse-power. 

Hence  the  total  efficiency  drop  is  made  up  of  a  fall  in 
airscrew  efficiency,  and  a  falling-off  of  power  transmitted  to  the 
airscrew  by  the  engine. 

The  airscrew  efficiency  at  40  m.p.h.  is  -  -  =  -55   of  the   air- 

•54 

screw  efficiency  at  top  speed,  and  the  power  developed  by  the 
engine  at  the  lower  speed  is  '83  of  the  normal  power  at  top 
speed,  the  combined  efficiency  at  40  m.p.h.  being  about  '455  of 
the  combined  efficiency  at  top  speed.  Hence,  in  considering 
the  efficiency  of  variable  pitch  propellers,  the  effect  of  a  main- 
tenance of  engine  revolutions  upon  the  engine-power  output 
must  be  included. 

In  the  case  of  the  ideal  type  of  variable  pitch  propeller  the 
value  of  the  face  pitch  at  any  forward  speed  should  be  equal  to 

—  and  under  the  circumstances  the  efficiency  curve  would 

n  x  -93 

be  as  shown  in  Fig.  61,  the  efficiencies  corresponding  to  the 
peaks  of  the  efficiency  curves  in  Fig.  20. 

From  the  consideration  of  power  absorbed,  since  the  blade 
dimensions,  except  the  pitch,  are  fixed,  the  power  absorbed  by 
the  airscrew  would  decrease  with  the  speed  and  vary  directly 
with  the  face  pitch.  Hence  the  airscrew  would  tend  to  overrev. 
at  the  lower  speeds  under  these  conditions,  and  unless  it  is 
possible  to  increase  the  power  absorbed  by  the  airscrew  by 
variation  of  diameter  or  blade  form,  it  is  advisable  to  regulate 
the  face  pitch  so  that  the  engine  r.p.m.  remain  constant  for  all 
flight  speeds,  and  the  efficiency  curve  under  these  conditions  is 
shown  in  Fig.  61.  This  is  the  true  type  of  variable  pitch  pro- 
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peller,  but  no  satisfactory  form  of  construction  for  this  type  has 
been  devised,  and  the  general  type  of  variable  pitch  propeller  is 
one  in  which  the  blades  are  rotated  as  a  whole,  so  that  every 
blade  element  receives  the  same  increment  of  blade  angle. 
Under  these  conditions  the  blades  are  rotated,  either  auto- 
matically or  by  the  pilot,  so  that  the  airscrew  r.p.m.  remain 
constant,  and  the  engine  output  is  constant.  The  decreasing  of 
the  blade  angles  in  this  manner  does  not  increase  the  efficiency 
of  the  airscrew  in  the  same  manner  as  with  the  true  type  of 
variable  pitch,  and  a  typical  efficiency  curve  is  shown  in  Fig.  6l. 
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FIG.  61. — Comparative  Efficiencies  of  Variable  Pitch  Airscrews. 

Construction  of  Variable  Pitch  Airscrews. — There  is  at 
present  no  satisfactory  type  of  variable  pitch  propeller  in  exist- 
ence, despite  a  vast  amount  of  experimental  work.  The  airscrew 
in  which  the  blades  can  be  rotated  to  vary  the  blade  angle  ha^ 
been  successfully  constructed,  and  in  the  case  of  the  airship 
propeller,  where  the  weight  of  the  gear  used  is  small  compared 
with  that  of  the  propeller,  and  where  reversibility  is  an  advantage, 
such  airscrews  are  quite  useful. 

In  the  case  of  the  high-speed  aeroplane  airscrew  the  rotating 
gear  is  very  heavy  compared  with  that  of  the  remainder  of  the 
airscrew,  and  consists  of  a  large  number  of  small  parts,  most  of 
which  are  working  fits.  Under  these  circumstances  the  slight 
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play  between  any  pair  is  magnified  by  the  number  of  parts  and 
by  the  diameter  of  the  airscrew  blade  in  such  a  manner  that 
with  the  smallest  practicable  limits  of  error  at  the  boss,  the 
whip  and  twist  at  the  blade  tips  is  excessive  and  more  than 
counterbalances  the  slight  increase  of  efficiency  due  to  variable 
blade  angles. 

Variable  Diameter  Propellers. — The  falling-off  of  the 
airscrew  thrust  at  low  speeds  being  due  to  the  falling-off  of  the 
engine  revolutions,  as  well  as  to  the  decrease  of  airscrew  efficiency, 
attempts  have  been  made  to  devise  propellers  of  variable  diameter 
so  that  without  varying  the  blade  angles,  the  power  absorbed 
by  the  propeller  at  various  flight  conditions  may  be  varied,  to 
keep  the  engine  revolutions  constant.  For  the  same  reason  it 
has  been  attempted  to  include  a  variable  gear  between  the 
engine  crank-shaft  and  the  airscrew  shaft,  so  that  as  the  airscrew 
revolutions  drop  the  engine  revolutions  can  be  maintained 
constant. 

Conclusions  regarding  Adjustable  Propellers. — The  only 
form  of  adjustable  propeller  at  present  in  use  is  that  where  the 
blades  can  be  rotated,  and,  in  general  with  this  type,  the  added 
complication  and  weight  of  the  boss  mechanism  counterbalance 
the  gain  in  thrust  at  low  speeds.  No  satisfactory  form  of 
variable  diameter  propeller  or  of  variable  engine  gear  is  in 
existence,  and  it  is  probable  that  the  weight  of  such  gear  would 
more  than  balance  the  increase  of  thrust  obtained.  For  the 
realisation  of  maximum  efficiency  a  combination  of  two  of  these 
methods  is  necessary,  one  being  used  to  obtain  the  correct  helix 
angle  corresponding  to  flight  conditions,  the  other  method  being 
used  to  vary  the  power  absorbed.  The  most  satisfactory  solution 
will  probably  be  found  with  a  combination  of  a  variable  diameter 
propeller  in  conjunction  with  variable  engine  gear,  and  with  this 
combination  it  is  possible  to  maintain  a  constant  airscrew 
efficiency. 
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CONSTRUCTION 


CONSTRUCTION 

CHAPTER   XII. 

INTRODUCTORY. 

General  Constructional  Requirements. — From  a  con- 
sideration of  the  normal  working  conditions  of  the  airscrew 
as  a  propeller,  and  in  connection  with  the  theoretical  conception 
of  the  actual  forces  acting  upon  the  blade  of  the  airscrew  to 
produce  thrust,  the  general  constructional  requirements  may  be 
deduced.  From  the  theoretical  conception  of  the  airscrew  blade 
as  being  composed  of  an  infinite  number  of  elements  which  act 
independently  as  aerofoils  moving  in  helical  paths,  we  may 
regard  an  airscrew  as  a  symmetrical  body  consisting  of  a  fixed 
number  of  exactly  similar  blades,  and  a  first  requirement  of  the 
constructional  methods  is  that  the  sections  at  certain  definite 
radii  must  correspond  to  the  sections  arrived  at  by  design  pro- 
cedure and  shown  in  the  airscrew  drawing.  It  is  also  essential 
that,  by  fixing  the  sections  at  these  radii,  the  sections  at  all  radii 
should  agree  closely  in  all  similar  blades,  and  in  general  the 
fewer  the  number  of  dimensioned  sections  thus  required  to 
completely  fix  the  contour  of  the  airscrew  blade,  the  more 
efficient  is  the  method  of  construction. 

Balance  Requirements. — The  airscrew  is  generally  driven 
by  an  internal  combustion  engine,  which  develops  its  maximum 
power  most  efficiently  at  speeds  of  2000  r.p.m.,  and  at  these 
speeds  it  is  imperative  that  the  airscrew  should  be  perfectly 
symmetrical  and  perfectly  balanced  to  prevent  centrifugal  forces 
and  unequal  aerodynamic  forces  on  the  overhang  of  the  engine 
crank-shaft.  In  connection  with  this  it  is  important  to  observe 
that  the  aerodynamic  balance  is  of  much  greater  effect  than 
the  static  balance,  as  the  aerodynamic  forces  due  to  slight 
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variation  in  the  blade  sections  from  the  designed  contours  will 
cause  unequal  thrust  and  consequent  bending  moment  on  the 
engine  crank-shaft,  which  is  greater  than  that  due  to  the  centri- 
fugal forces  in  the  case  of  an  airscrew  not  in  static  balance. 

Structural  Features. — As  the  airscrew  blade  acts  as  a 
cantilever  with  a  constantly  varying  loading,  due  to  engine 
periodicity  and  interference  with  the  air  flow  from  various  causes, 
there  is  a  continual  tendency  to  deformation,  previously  discussed 
as  ' whip '  and  '  twist'  It  has  been  shown  that  slight  deforma- 
tion when  loaded  is  not  a  serious  disadvantage,  and  in  many 
cases  is  an  advantage,  but  it  is  imperative  that  such  deformation 
should  not  cause  a  permanent  set,  resulting  in  an  alteration  of 
the  aerodynamic  features  of  the  blade.  Also  the  material 
forming  the  airscrew  should  be  such  that  the  loading  and 
deformation  does  not  produce  fatigue  and  consequent  failure. 

Climatic  Conditions  affecting  Airscrew  Construction.— 

An  airscrew  may  be  required  to  work  under  continually  varying 
atmospheric  conditions,  including  extremes  of  heat  and  cold, 
rain  and  snow,  and  in  the  case  of  an  aeroplane  climbing  rapidly 
to  a  high  altitude  these  changes  occur  in  a  very  short  space  of 
time.  In  order  that  the  airscrew  may  remain  an  efficient  means 
of  propulsion,  it  is  desirable  that  such  changes  of  atmospheric 
conditions  produce  no  effect  upon  the  aerodynamic  features  of 
the  airscrew  blade,  and  also  should  not  tend  to  weaken  the 
airscrew  structurally  and  shorten  its  life. 

In  addition  to  these  general  constructional  requirements, 
there  are  many  other  conditions  determining  the  advantages  of 
particular  methods  of  construction,  among  the  chief  being  ease 
and  cheapness  of  production  in  quantity  on  a  repetition  basis, 
economy  of  material,  and  the  relative  weight  of  the  finished 
airscrew. 

General  History  of  Constructional  Methods.— In  the 
earlier  days  of  experimental  aviation,  before  the  actual  achieve- 
ment of  dynamic  flight,  many  forms  of  airscrew  were  experi- 
mented with,  and  a  very  common  form  consisted  of  plates  fixed 
to  radial  arms  in  such  a  manner  that  the  plates  were  inclined  to 
the  plane  of  rotation.  With  the  advent  of  the  petrol  moto; 
providing  sufficient  power  (about  20  horse-power  as  a  minimum) 
with  a  light  weight,  to  enable  dynamic  flight  to  be  realised,  it 
was  found  that  such  forms  of  airscrew  were  unsuitable,  and  the 
airscrews  were  carved  from  solid  blocks  of  timber.  In  the 
earliest  forms  the  flat  under-surface  of  the  airscrew  was  made 
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with  a  constant  blade  angle  throughout  the  effective  portion  of 
the  blade  for  convenience  in  manufacture,  but  this  was  found  to 
be  inefficient,  and  the  form  of  blade  in  which  the  under-surface 
formed  a  portion  of  the  surface  of  a  helix  of  approximately 
constant  pitch,  was  adopted. 

The  timber  from  which  such  airscrews  were  carved  was 
usually  the  best  French  walnut  or  good  mahogany,  it  being 
difficult  to  obtain  sufficiently  large  blocks  of  other  timber  free 
from  knots  and  defects  and  with  straight  grain  and  homogeneous 
properties.  Even  with  the  best  quality  timber  obtainable  it  was 
found  that  such  airscrews  warped  permanently  with  varying 
atmospheric  conditions  after  short  periods  of  use,  and  carving 
an  airscrew  from  a  solid  block  of  timber  was  a  long  and 
expensive  process.  This  led  to  the  adoption  of  laminated  con- 
struction, where  the  airscrew  block  is  formed  by  gluing 
together  a  number  of  thin  planks,  the  finished  airscrew  being 
carved  by  hand  as  before.  This  method  of  construction  has 
proved  most  satisfactory,  as  airscrews  constructed  in  this  manner 
are  light  and  strong,  and  when  made  of  suitable  timber  do  not 
distort  permanently  under  varying  loads  and  atmospheric  condi- 
tions. Various  modifications  of  this  form  of  construction  have 
been  adopted  from  time  to  time  with  a  view  to  improving  the 
finished  airscrews  from  the  considerations  of  strength,  quickness, 
and  cheapness  of  manufacture,and  timber  economy.without  affect- 
ing the  principle  of  laminated  construction,  and  in  various  forms 
it  covers  almost  all  the  constructional  methods  in  use  at  the 
present  time. 

In  many  respects  timber  is  a  very  unsatisfactory  material  for 
the  construction  of  airscrews,  chiefly  owing  to  the  non-homo- 
geneous nature  of  its  structure  and  the  difficulty  of  ensuring 
definite  strength  properties  by  the  most  rigid  form  of  inspection. 
Also  it  is  always  more  or  less  affected  by  atmospheric  conditions, 
and  many  attempts  have  been  made  to  construct  metal  air- 
screws. At  present  no  really  satisfactory  form  of  metal  airscrew 
is  in  existence,  the  nature  of  the  stresses  produced  in  a  high- 
speed airscrew  causing  the  metal  to  become  fatigued,  with  the 
lowering  of  its  ultimate  strength.  At  the  same  time  it  is 
probable  that  these  difficulties  will  be  overcome,  either  by 
suitable  methods  of  construction  or  by  the  discovery  of  a  metal 
which  will  withstand  high-speed  vibrations  without  deterioration 
of  its  physical  properties,  and  the  airscrew  of  the  future  will  be 
either  all  metal  or  a  combined  metal  and  timber  structure,  with 
the  advantages  of  both  materials. 

The     Laminated     Airscrew. — General     Features. — The 
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various  types  of  airscrew  constructed  of  timber  in  the  laminations 
are  more  or  less  connected  in  the  constructional  sense,  and  the 
relative  features  of  each  type  can  be  considered  as  departures 
from  the  standard  form  of  construction  to  compare  the  advan- 
tages and  disadvantages  realised.  As  the  standard  form  of 
construction,  we  may  consider  the  method  by  which  the  majority 
of  airscrews  up  to  the  present  time  have  been  constructed,  as  this 
has  been  standardised  for  quantity  production  of  airscrews  for 
war  machines,  various  modifications  being  introduced  from  time 
to  time  as  found  necessary  or  advantageous  under  war  conditions. 
The  construction  of  the  finished  airscrew  may  be  considered  as 
three  separate  processes,  namely  : — 

1.  The  selection  of  materials   and   preparation  of 
the  airscrew  block. 

2.  The  shaping  of  the  block  to  the  finished  dimen- 
sions in  the  white. 

3.  Finishing    processes  for    the    protection    of    the 
airscrew  from  varying  atmospheric  conditions. 

In  connection  with  this  method  of  airscrew  construction  the 
following  terms  are  freely  used,  many  of  them  in  addition  bein;jf 
common  to  all  forms  of  construction. 

The  Pitch  Face  of  an  Airscrew  is  the  surface  of  the 
blade  corresponding  to  the  under-surface  of  the  elementary 
aerofoils  forming  it.  This  face  may  be  flat  or  of  convex  or 
concave  camber,  and  is  the  face  seen  when  looking  from  behind 
the  airscrew  in  the  direction  of  the  translational  velocity. 

The  Round  Side  of  the  Blade  is  the  face  of  the  blade 
seen  from  the  front  of  the  machine.  It  is  usual  to  term  the 
Pitch  Face  of  the  blade  the  Face,  and  the  Round  Side  the 
Back  of  the  blade  for  constructional  purposes. 

The  airscrew  is  roughly  divided  into  three  portions,  the 
Effective  portion  of  the  blade  extending  over  the  outer 
two-thirds  of  the  blade  radius,  the  *  Root '  portion  extending 
from  the  outside  of  the  boss  to  one-third  of  the  tip  radius,  and 
the  '  Boss,'  which  bolts  to  the  engine  coupling. 

The  relative  position  of  corresponding  points  in  opposite 
blades  with  respect  to  a  centre  line  passing  through  the  axis  of 
rotation  in  the  plan  view,  is  expressed  in  terms  of  the  alignment 
of  the  airscrew.  The  same  feature  in  the  side  elevation  is  con- 
sidered as  the  *  track '  of  the  blade,  and  is  generally  measured 
from  the  plane  containing  the  face  of  the  boss  nearest  the 
engine. 

In  the  balancing  of  two-bladed  propellers,  the  terms 
*  Vertical '  and  '  Horizontal '  balance  are  used  corresponding 
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to  the  position  of  the  centre  line  of  the  airscrew.  With  regard 
to  this  Centre  Line  there  is  no  definite  position,  but  it  is 
usually  taken  as  a  line  passing  through  the  centre  of  the  boss 
and  the  extreme  tip  of  the  blade,  so  that  the  maximum 
diameter  of  the  airscrew  can  be  measured  on  the  centre  line. 
The  various  terms,  such  as  Diameter,  Face  Pitch,  Blade  Angle, 
Blade  Width,  &c.,  are  as  considered  in  the  theoretical  design, 
but  it  should  be  observed  that  the  Mean  Face  Pitch  is  often 
taken  as  the  Face  Pitch  of  a  Mean  Section,  instead  of  the 
mean  value  of  the  face  pitch  over  the  effective  portion  of 
the  blade. 


The  Air  Ministry  Handbook  on  Construction  of  Propellers 
(see  Appendix)  is  a  general  guide  to  the  standard  methods  of  con- 
struction for  propellers  required  to  work  under  normal  conditions \ 
and  will  be  frequently  referred  to  in  the  following  chapters. 


CHAPTER   XIII. 

PREPARING  THE  AIRSCREW  BLOCK. 

Selection  of  Materials. — The  first  step  in  the  construction 
of  the  laminated  airscrew  is  the  selection  of  materials,  and  from 
the  constructional  standpoint  these  consist  of  the  timber  forming 
the  laminations  and  the  glue  used  for  building  up  the  lamina- 
tions into  a  solid  block. 

The  conditions  determining  the  choice  of  timber  vary  with 
the  working  conditions  of  the  airscrew,  and  it  is  safe  to  say  that 
for  certain  types  of  airscrew  almost  any  kind  of  timber  may  be 
used  with  satisfactory  results.  In  general,  it  is  found  that  the 
necessity  for  timber  possessing  good  structural  qualities  increases 
with  the  speed  of  rotation  of  the  airscrew  for  the  following 
reasons.  The  stresses  in  the  airscrew  are  due  to  the  bending 
moments  caused  by  the  aerodynamic  loading,  and  internal  loads 
developed  by  the  centrifugal  action  of  the  rotating  elements. 
The  intensity  of  the  aerodynamic  loading  is  not  related  directly 
to  the  section  dimensions  of  the  airscrew,  and  so  by  increasing 
these  section  dimensions  in  proportion  it  is  possible  to  with- 
stand the  bending  forces  in  an  airscrew,  using  very  poor  quality 
timber.  The  intensity  of  the  stresses  due  to  centrifugal  action 
cannot  be  affected  by  increase  of  section  dimensions,  and  the 
maximum  safe  loading  depends  entirely  upon  the  nature  of  the 
timber,  and  particularly  upon  its  strength  in  shear. 

In  propellers  rotating  at  slow  speeds  (up  to  1000  r.p.m.)  the 
bending  forces  due  to  aerodynamic  loading  are  large  in  relation 
to  the  centrifugal  forces,  and  for  this  type  soft  woods  are  often 
used.  With  propellers  rotating  at  higher  speeds  it  is  essential 
that  the  timber  used  should  possess  homogeneous  qualities  to  a 
large  degree. 

For  producing  satisfactory  airscrews  the  timber  used  should 
possess  the  following  qualities  : — 

Gluing  Properties. — To  ensure  the  production  of  satis- 
factory blocks,  the  timber  used  should  make  reliable  glued 
joints,  which  should  not  deteriorate  under  atmospheric  condi- 
tions, and  should  develop  at  least  the  maximum  shear  stress  of 
the  timber  along  the  grain. 
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"Warping  and  General  Properties. — The  timber  used 
should  not  warp  under  varying  conditions,  and  this  feature  is 
generally  dependent  on  the  grain,  as  timbers  which  are  straight 
grained  and  free  from  sudden  changes  of  structure  do  not  warp 
to  any  great  extent.  To  produce  an  airscrew  with  a  smooth, 
regular  contour,  without  the  use  of  special  tools,  the  timber 
should  be  homogeneous  and  easy  to  work,  with  no  tendency  to 
chip  under  the  cutting  tool  instead  of  cutting  cleanly.  Hard- 
ness is  an  advantage,  as  the  airscrew  is  always  liable  to  receive 
knocks  that  would  produce  dents  and  bruising  of  the  fibres  in 
soft  woods,  but  this  defect  may  be  remedied  by  suitable  pro- 
tective covering.  The  weight  of  timber  must  be  considered,  not 
only  with  reference  to  its  ultimate  strength  in  tension  and 
compression,  but  also  in  connection  with  its  resistance  to  shear- 
ing along  the  grain.  The  advantages  of  the  chief  woods  used  in 
airscrew  construction  are  discussed  below. 

Honduras  Mahogany. — This  is  probably  the  most  suitable 
timber  in  existence  for  airscrew  construction,  as  it  can  be 
obtained  in  planks  sufficiently  large  for  the  laminations  of  the 
largest  propellers  without  jointing,  is  strong  in  compression  and 
tension,  and  its  shear  strength  is  sufficient  for  airscrews  with  tip 
speeds  of  900  ft./sec.,  which  is  the  limit  imposed  by  efficiency 
considerations.  It  is  also  easy  to  work,  is  sufficiently  hard  to 
withstand  indentation  from  ordinary  accidental  knocks,  and 
makes  perfectly  sound  glued  joints.  This  mahogany  is  light 
(about  35  Ibs.  per  cubic  foot),  can  be  obtained  in  large  quantities 
in  good  uniform  quality,  and  will  not  warp  under  ordinary  con- 
ditions. The  majority  of  the  other  species  of  mahogany  tend  to 
split  and  warp  under  varying  conditions,  and  are  different  in 
physical  properties  to  true  Honduras  mahogany. 

Walnut. — Walnut  has  generally  been  regarded  as  the  most 
satisfactory  timber  for  propeller  construction.  It  is  generally 
very  hard,  does  not  tend  to  split  or  warp,  and  the  best  varieties 
of  walnut  are  probably  most  suitable  for  propellers  designed  for 
very  high  speeds  of  rotation.  The  three  most  common  varieties 
are  the  American,  European,  and  African  walnut,  and  of  these 
the  European  is  most  suitable,  being  hard,  fairly  straight  grained, 
and  homogeneous^  American  black  walnut  is  also  very  suitable, 
but  the  African  variety  is  very  unreliable,  and  with  ordinary 
methods  of  inspection  and  selection  it  is  difficult  to  obtain 
uniform  quality  of  timber  with  this  walnut.  In  comparison  with 
Honduras  mahogany,  walnut  has  the  following  serious  disadvan- 
tages, which,  except  for  special  types,  more  than  balance  its 
superior  hardness  and  strength. 

p 
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Walnut  is  hard  to  obtain  in  planks  exceeding  12  feet  in 
length  or  12  inches  in  width  with  uniform  quality,  and  planks 
from  various  sources  may  vary  in  weight  from  35  to  45  Ibs.  per 
cubic  foot,  so  that  very  careful  grading  is  necessary.  It  is  rather 
difficult  to  obtain  a  sound  glued  joint  with  walnut  laminations, 
and  the  hardness  of  the  wood,  and  its  general  physical  properties, 
increase  the  time  and  cost  of  shaping  the  finished  propeller. 

Beech,  Elm,  Oak,  and  Ash  are  used  to  some  extent  in 
propeller  construction,  but  are  not  suitable  for  very  high  speed 
types.  These  woods  are  somewhat  similar  in  physical  properties, 
are  hard,  and  fairly  strong,  the  ultimate  strength  in  compression 
being  about  75  per  cent,  of  that  for  good  mahogany  and  about 
60  per  cent,  of  the  value  for  the  best  varieties  of  walnut.  These 
timbers  are  difficult  to  obtain  with  satisfactory  grain  in 
sufficiently  large  planks,  make  perfectly  sound  glued  joints,  but 
the  finished  blocks  are  difficult  to  shape  satisfactorily. 

Spruce,  Poplar,  Maple,  Birch,  and  similar  soft  woods,  are 
only  suitable  for  low-speed  airscrews  because  of  their  relatively 
low  strength  in  compression,  but  for  this  type  of  airscrew  their 
relative  lightness  and  the  ease  of  working  are  advantageous,  the 
question  of  weight  being  more  important  in  the  large  slow-speed 
airscrews.  The  softness  of  the  timbers  renders  them  very  liable 
to  damage  from  accidental  knocks,  but  this  is  easily  overcome 
by  covering  the  blades  with  a  layer  of  hard  wood  (preferably 
walnut)  veneer  up  to  3  mm.  in  thickness. 

Testing  Timbers  for  Airscrew  Construction. — In  deciding 
upon  the  suitability  of  timber  for  airscrew  construction,  the 
following  tests  are  generally  carried  out : — 

Bending  tests  are  performed  upon  samples,  about  4  feet  long 
by  2  inches  wide  by  I  inch  thick,  and  the  elastic  limit  in  com- 
pression by  these  tests  should  not  be  less  than  5000  Ibs.  per 
square  inch  for  any  but  very  large  diameter  propellers.  The 
general  properties  of  the  timber  with  respect  to  resistance  to 
tip-splitting  can  be  judged  by  breaking  with  a  hammer  a 
specimen  about  6  inches  long  by  I  inch  square,  after  a  notch 
about  half  an  inch  deep  has  been  cut  in  across  the  grain.  The 
specimen  should  break  with  a  long  fibrous  fracture  along  the 
grain,  extending  the  whole  length  of  the  test  sample,  and  any 
timber  which  breaks  off  short  at  the  notch  will  be  unsuitable  for 
propeller  construction. 

For  testing  the  gluing  properties  of  the  timber  a  plain  lap 
joint  is  made  between  two  pieces,  each  2  inches  wide  by  I  inch 
thick,  so  that  the  overlap  is  2  inches,  and  the  total  gluing 
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surface  4  square  inches.  The  test  piece  is  tested  in  an  ordinary 
testing  machine  in  tension,  so  that  the  joint  fails  in  single  shear. 
The  ultimate  strength  developed  depends  upon  the  glue  used 
as  well  as  the  timber,  but  the  glue  should  permeate  the  face  of 
the  timber,  so  that  the  timber  fibres  on  the  face  fail  with  the 
joint,  the  fibres  being  torn  away.  The  standard  method  of 
testing  particular  timbers  for  propeller  construction  is  shown  in 
the  Appendix,  giving  typical  specifications  for  such  material. 

Preliminary  Inspection  and  Preparation  of  Lamina- 
tion Planks.  Propeller  stock  is  usually  delivered  in  planks  of 
•suitable  thickness,  after  consideration  of  its  growth  and  subse- 
quent history,  together  with  general  inspection,  decides  that  it  is 
of  the  required  quality.  Such  planks  should  preferably  be 
•quarter  sawn  from  the  log,  and  the  standard  thickness  of  I  inch 
is  almost  universal  with  thicker  planks  for  special  purposes. 
The  planks  as  delivered  are  generally  partly  seasoned  by  the 
natural  atmospheric  process,  but  contain  excess  of  moisture. 
The  presence  of  moisture  in  propeller  laminations  may  have 
serious  results,  causing  failure  of  the  glued  joints  and  a  general 
tendency  of  the  blade  to  warp  and  twist  for  some  time  after 
shaping.  For  this  reason  the  timber  is  generally  seasoned  in  a 
drying  kiln.  This  method  of  seasoning  is  much  quicker  than 
the  natural  atmospheric  process,  and,  in  England,  by  the  natural 
•drying  process  it  is  difficult  to  reduce  the  relative  humidity 
below  20  per  cent.  For  propeller  stock  the  relative  humidity 
should  not  exceed  14  per  cent,  and  maybe  as  low  as  10  per  cent, 
without  proving  a  disadvantage.  This  degree  of  humidity  is  best 
•obtained  by  kiln  drying  at  a  fairly  low  temperature,  a  current  of 
air,  with  a  moisture  content  that  can  be  regulated,  being  passed 
over  the  timber  at  a  temperature  of  about  100°  F.  After  the 
seasoning  process  is  complete,  in  order  to  prevent  the  planks 
.absorbing  moisture  they  should  be  stored  in  a  dry  place,  with  a 
temperature  maintained  at  about  70°  F. 

•  Before  proceeding  with  the  preparation  of  the  laminations, 
samples  of  each  batch  of  timber  should  be  tested,  and  provided 
these  tests  are  satisfactory  the  whole  batch  should  be  carefully 
inspected  for  surface  defects,  particular  notice  being  taken  of  the 
grain,  and  also  of  any  discontinuity  due  to  the  presence  of  knots, 
burrs,  curls,  &c.,  which  denote  some  interference  with  the  natural 
growth,  in  addition  to  surface  markings  caused  by  ill-treatment 
after  felling,  showing  as  various  forms  of  rot. 

Preparation  of  the  Laminations.  Two-bladed  Pro- 
pellers. In  the  case  of  the  two-bladed  propeller  the  laminations 
.should  be  continuous  through  the  boss,  and  the  design  of  the 
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airscrew  should  be  such  that  the  length  of  the  lamination  can 
follow  the  straight  grain  of  the  timber  without  projections,, 
towards  the  tips,  that  can  be  broken  off  by  shear  along  a 
comparatively  short  length  of  grain.  The  thickness  of  the 
laminations  may  vary  from  12  to  38  mms.,  but  in  view  of  the 
standardisation  of  i-inch  propeller  stock,  this  thickness  should 
be  considered  from  the  ease  of  production  standpoint.  Where 
the  propeller  drawings  are  prepared  as  shown  in  Figs.  53  and  54, 
one  blade  being  drawn  out  full  size,  the  thickness  of  the  lamina- 
tions can  be  decided  upon  from  the  maximum  boss  thickness 
required.  The  maximum  lamination  thickness  that  can  be 
obtained  from  i-inch  boards  after  planing-up  is  about  22^5  mms. 
The  number  and  thickness  of  laminations  should  be  arranged  so> 
that  the  total  depth  is  about  3  mms.  more  than  the  required 
finished  boss  thickness,  and  as  far  as  possible  the  thickness  of 
each  lamination  should  be  the  same,  and  lie  between  the  limits, 
of  20  and  22*5  mms. 

Having  decided  upon  the  lamination  thicknesses,  the  outlines 
of  the  laminations  can  be  plotted  at  the  dimensioned  sections, 
and  a  fair  curve  drawn  through  the  points  thus  obtained.  In 
the  case  of  the  blades  being  drawn  as  in  Figs.  53  and  54,  and 
full  size,  the  lamination  points  can  be  plotted  by  use  of  dividers 
from  any  convenient  centre  line  (in  the  case  of  an  airscrew  with 
straight  trailing  edge  in  plan  form  this  is  a  convenient  datum 
line),  and  the  lamination  contours  in  plan  form  faired  off  by  the 
use  of  a  flexible  spline.  A  separate  tracing  of  each  lamination 
can  then  be  taken  off  and  laid  upon  the  selected  lamination 
board.  The  two  halves  of  the  lamination  (corresponding  to  the 
two  blades)  may  be  obtained  from  the  half  tracing  by  the  use  of 
a  centre  line  drawn  through  the  centre  of  the  boss  on  the  tracing, 
and  a  corresponding  line  on  the  lamination  board.  To  allow  for 
any  distortion  of  the  airscrew  block,  and  for  subsequent  working 
down,  the  laminations  should  be  left  larger  than  the  drawing^ 
size,  the  amount  depending  upon  the  size  of  the  propeller.  For 
airscrews  up  to  10  feet  in  diameter  an  allowance  of  10  mms.  all* 
round  is  ample,  and  generally  7  mms.  should  be  sufficient 
except  at  the  tips,  where  the  laminations  should  be  at  least 
25  mms.  full. 

In  marking  off  the  laminations  it  is  necessary  to  keep  the 
two  halves  exactly  similar,  and  when  the  laminations  are  sawn 
out,  the  marking-off  line  must  be  followed  very  closely.  After 
being  cut  to  the  required  shape,  the  laminations  should  be 
thicknessed  to  the  thickness  specified  in  the  drawing,  this 
operation  being  carried  out  on  an  ordinary  overhead  planer,  and 
the  finished  thickness  should  be  uniform  and  similar  to  the 
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specified  thickness  within  very  small  limits  ('25  mm.).  The 
final  inspection  and  selection  of  the  laminations  can  now  be 
carried  out. 

The  laminations  must  be  carefully  examined  for  any  defects 
shown  by  surface  markings,  and  the  grain  should  follow  the 
length  of  the  lamination  with  a  maximum  inclination  of  i  in  30. 
The  laminations  should  also  be  tested  for  uniformity  of  thick- 
ness. In  examining  laminations  it  should  be  noticed  that  defects 
which  would  seriously  weaken  the  propeller  when  at  the  lamina- 
tion tips  would  be  quite  harmless  in  the  boss,  and  in  marking  off 
laminations  this  should  be  considered  as  much  as  possible.  The 
laminations  containing  the  trailing  edge  of  the  propeller  are 
subjected  to  more  severe  cross-grain  stresses,  and  these  lamina- 
tions should  be  specially  selected  with  a  view  to  obtaining  hard, 
homogeneous,  and  straight-drained  timber,  free  from  defects  in 
the  finished  trailing  edge.  After  this  inspection  the  laminations 
are  ready  for  assembly  into  the  propeller  block,  but  the  lamina- 
tions forming  each  propeller  should  be  grouped  to  obtain 
maximum  uniform  strength. 

It  has  been  the  practice  to  construct  propellers  of  laminations 
of  various  timbers,  such  as  mahogany  and  walnut,  walnut  and 
beech  or  ash,  &c.,  but  it  would  appear  that  this  method  is 
unsatisfactory.  Timbers  differing  in  physical  properties,  such 
as  elasticity  and  strength,  are  not  likely  to  act  as  a  homogeneous 
structure  when  glued  together,  and  propellers  constructed  in  this 
manner  usually  cause  '  propeller  flutter  '  (caused  by  the  inequality 
of  power  absorbed  due  to  the  different  distortion  in  opposite 
blades),  with  comparatively  early  failure.  It  therefore  would 
appear  advisable  to  select  laminations  with  the  same  physical 
properties  to  form  a  complete  propeller,  and  in  general  the 
specific  gravity  of  the  timber  is  a  useful  guide  for  deciding  upon 
these  properties.  To  facilitate  balancing  the  finished  propeller, 
after  selection  the  finished  laminations  should  be  tested  for 
individual  balance,  both  vertical  and  horizontal.  For  this 
purpose  the  laminations  are  bored  with  a  standard  bore  about 
50  mms.  in  diameter  and  mounted  on  a  spindle,  supported  on 
knife  edges  or  very  freely  revolving  ball  bearings  (see  Fig.  7, 
Handbook  of  Construction}.  This  preliminary  balancing  is 
absolutely  useless  unless  the  laminations  are  cut  to  size  and 
thicknessed  accurately  to  the  required  dimensions.  The  out-of- 
balance  couple  of  any  lamination  can  be  expressed  in  inch- 
ounces  by  fixing  known  weights  at  a  definite  radius  on  the 
light  side,  a  radius  of  2\  ins.  being  convenient.  Any  laminations 
being  out  of  balance  more  than  two  inch-ounces  should  be 
examined  for  dimensions.  If  these  are  not  at  fault,  then  the 
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lamination  must  vary  in  physical  properties  considerably,  and  as 
this  would  affect  the  smooth  running-  of  the  finished  propeller  it 
should  be  rejected,  the  amount  of  time  entailed  in  shaping  to  get 
over  this  out-of-balance  effect  more  than  counterbalancing*the 
cost  of  the  rejected  lamination. 

After  balancing  each  lamination  the  heavy  end  should  be 
marked  with  its  out-of-balance  couple  in  inch-ounces,  and  the 
laminations  assembled,  so  that  the  laminations  balance  each 
other  to  within  small  limits.  In  connection  with  this  it  is  more 
important  that  the  vertical  balance  should  be  correct  than  the 
horizontal  balance.  To  improve  the  strength  of  the  glued  joint 
between  the  laminations,  the  laminations  should  be  '  scratched " 
with  a  fine  veining  or  toothing  plane,  so  that  a  series  of  V-shaped 
grooves  about  "5  mm.  deep  are  formed  along  the  grain  of  the 
timber.  Care  should  be  taken  not  to  use  a  plane  with  coarse 
teeth,  or  to  '  scratch  '  the  laminations  too  deeply,  forming  hollows 
where  the  glue  will  collect. 

Before  final  assembly,  the  laminations  should  have  been 
taken  out  of  the  drying  kiln  at  least  three  weeks,  and  during" 
that  period  should  be  subjected  to  the  normal  atmospheric 
conditions  of  the  gluing-up  room  with  a  constant  temperature 
of  70°  F.  Any  laminations  warping  during  this  period  should 
be  rejected. 

Gluing  up  the  Laminations.  — The  process  of  gluing" 
together  the  laminations  to  form  the  finished  block  is  the  most 
important  feature  in  propeller  construction,  as  this  decides  the 
strength  of  the  airscrew  to  withstand  the  varying  loads  of 
normal  working  conditions.  For  this  reason  the  glue  used 
should  be  specially  prepared,  and  the  gluing-up  process  arranged 
so  that  the  maximum  strength  of  the  glue  is  developed. 

Glue  Requirements  for  Propeller  Construction. — The 
principal  requirements  for  a  good  airscrew  glue  are  as  follows  : — 

Strength. — The  glue  should  develop  a  strength  in  shear  of 
at  least  1000  Ibs.  per  square  inch  after  it  has  completely  set,  and 
it  should  maintain  this  strength  for  a  very  long  period. 

Fluidity. — The  propeller  glue  should  be  sufficiently  fluid  to 
flow  freely  from  between  the  laminations  when  pressed  together, 
and  should  remain  fluid  sufficiently  long  for  the  laminations  to 
be  clamped  from  tip -to  tip  before  it  begins  to  solidify.  After  it 
begins  to  set  it  should  harden  completely  within  thirty-six  hours. 

It  is  also  important  that  the  glue  should  not  expand  or 
contract  while  hardening,  and  should  not  affect  the  surface  of 
the  wood  in  contact  with  it.  The  glue  should  not  be  affected  by 
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atmospheric  conditions  after  it  has  set,  and  should  be  sufficiently 
elastic  to  be  unaffected  by  the  propeller  vibration  and  distortion 
under  load. 

Types  of  Propeller  Glue. — The  various  types  of  glue  used 
in  propeller  construction  can  be  divided  into  three  main  classes, 
according  to  their  normal  consistency,  as  follows  : — Cake  or 
Powder  Glues,  Liquid  Glue,  and  Casein  Cement,  and  the 

type  of  glue  determines  the  gluing-up  process  to  be  used. 

Cake  or  Powder  Glues. — These  glues  are  delivered  in 
solid  form,  and  must  be  mixed  with  a  certain  quantity  of  water 
and  heated,  before  the  desired  consistency  is  obtained.  This 
glue  is  not  suitable  for  propeller  construction,  although  it  is 
generally  the  strongest  type,  as  owing  to  the  fact  that  water 
must  be  added  in  the  glue  room,  and  the  physical  properties  of 
the  glued  joint  depend  upon  the  purity  of  the  water  used  and 
the  temperature  at  which  it  is  used,  the  strength  of  the  joints 
obtained  is  not  uniform,  and  depends  upon  the  skill  of  the 
persons  performing  the  operation.  With  this  type,  even  when 
the  glue  is  heated  and  the  laminations  heated  to  about  100°  F., 
the  glue  acquires  a  degree  of  permanent  set  in  less  than  five 
minutes,  and  this  does  not  allow  sufficient  time  to  cramp  up  a 
propeller  block. 

Liquid  Glues. — These  glues  are  chiefly  used  for  propeller 
construction  in  England  and  include  glues  which  are  normally 
liquid  at  ordinary  temperatures,  and  glues  which  become  fluid 
when  heated  to  about  150°  F.  without  the  addition  of  water. 
As  these  glues  can  be  tested  and  graded  before  issue  to  the 
shops,  the  joints  obtained  are  of  a  more  uniform  strength,  as  the 
correct  degree  of  pre-heating  can  be  kept  within  desired  limits 
by  suitable  apparatus.  These  glues  generally  remain  perfectly 
fluid  for  at  least  ten  minutes,  and  develop  maximum  strength 
after  standing  about  eighteen  hours. 

Casein  Cements. — This  is  the  most  satisfactory  form  of 
glue  for  propeller  purposes,  except  where  rapidity  of  production 
is  essential.  Being  liquid  at  ordinary  workshop  temperatures, 
and  retaining  perfect  fluidity  for  a  considerable  time  after  being 
applied  to  the  laminations,  it  is  possible  to  glue  up  three  or  more 
propellers  upon  one  table  at  one  operation.  This  glue,  however, 
takes  much  longer  to  set  completely,  and  generally  the  maximum 
strength  of  the  glued  joint  is  not  developed  till  about  six  days 
after  the  joint  is  made. 

Gluing  up — General  Process. — When  hot  glues  are  used 
the  general  practice  is  to  glue  up  not  more  than  one  complete 
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block  at  a  time,  and  often  only  two  or  three  laminations  are 
glued  up  at  each  operation.  The  general  gluing-up  process 
depends  upon  the  accuracy  with  which  the  laminations  are 
prepared.  In  the  older  method,  the  laminations  are  glued  up 
upon  a  table  which  is  about  two  feet  high  and  slightly  wider 
than  the  finished  airscrew.  The  table  must  be  true  and  rigid, 
and  the  top  is  generally  constructed  of  straight-grained  hard 
wood  3"  thick,  being  trued  up  after  each  propeller  block  is 
removed.  To  locate  the  laminations,  the  centre  hole  in  each  is 
drilled  accurately  about  50  mms.,  and  a  suitable  bolt  (with 
vertical  grooves  to  allow  the  glue  to  squeeze  out)  can  be  used  at 
the  boss.  In  this  method  the  laminations  are  located  at  the  tips 
by  the  use  of  pin-holes.  These  are  marked  on  the  drawing  in 
suitable  positions,  so  that  each  pin-hole  is  in  the  centre  of  the 
glued  joint  of  two  successive  laminations,  and  about  3"  from  the 
extreme  tip  of  the  shorter  lamination.  When  the  plan  form  of 
the  blade  is  drawn  out  full  size,  and  the  edges  of  the  laminations 
shown  as  in  Figs.  53  and  54,  the  position  of  the  pin-holes  can  be 
marked  on  the  plan  view  and  shown  on  the  lamination  tracings. 
The  points  can  then  be  accurately  marked  on  the  laminations 
and  small  holes,  3  mms.  in  diameter,  drilled  at  these  points.  In 
gluing  up,  the  leading-edge  lamination  is  laid  on  the  table,  arid 
the  bolt  is  passed  through  the  centre  of  the  boss.  Each  succes- 
sive lamination  is  then  laid  on  top,  the  centre  hole  being 
threaded  over  the  bolt  and  the  pin-holes  located  by  a  wire  pin, 
in  each  case  after  the  two  faces  coming  in  contact  have  been 
well  coated  with  glue.  It  is  generally  possible  to  fix  two  or 
three  ordinary  clamps  at  various  points  in  the  blades,  which  will 
hold  each  pair  of  laminations  in  place  without  interfering  with 
the  next  lamination  applied,  the  space  between  the  underside  of 
the  lamination  and  the  table  being  filled  up  with  small  hard 
wood  blocks  of  a  suitable  thickness  and  about  4"  by  2". 

After  the  whole  of  the  propeller  block,  or  as  many  lamina- 
tions as  deemed  desirable,  have  been  fixed  in  this  manner,  the 
whole  of  the  block  is  cramped  up  with  ordinary  screw  cramps, 
these  being  spaced  about  4  inches  apart,  and- the  space  between 
the  laminations  and  the  table  being  built  up  with  small  hard- 
wood blocks  of  a  suitable  thickness  as  before.  With  experienced 
men  a  complete  block  of  about  ten  laminations  can  be  glued  up 
in  seven  minutes,  and  with  liquid  glues  this  is  a  satisfactory 
period,  but  with  hot  powder  glues  not  more  than  four  lamina- 
tions should  be  glued  up  at  each  operation  by  this  method. 
With  this  method  any  slight  variation  of  lamination  thickness 
from  the  specified  dimension  does  not  affect  the  finished  block, 
as  the  small  blocks  can  be  used  of  varying  thickness.  The  more 
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satisfactory  method  of  gluing  up  a  complete  block  is  shown  in 
Fig.  i,  Handbook  of  Construction.  In  this  case  the  boss  is  fixed 
by  a  central  bolt  as  before,  and  at  various  sections  along  the 
blade,  generally  6  inches  apart,  stiff  girder  members,  fitted  with 
hinged  or  plain  bolts,  are  fixed  to  the  under  side  of  the  table. 
At  these  sections  stepped  blocks  about  4  inches  wide  are  fixed, 
the  depth  of  each  step  being  that  of  the  specified  lamination 
thickness,  and  the  width  of  the  steps  being  obtained  from  the 
propeller  drawing,  so  that  a  space  of  about  2  mms.  is  left  between 
the  block  and  the  lamination.  With  this  arrangement  the  top 
portion,  consisting  of  a  3-inch  plank,  with  the  stepped  blocks 
corresponding  to  the  pitch  side  fixed  to  it,  can  be  swung  clear 
of  the  table  on  the  hinged  bolt,  and  the  laminations  (glued  on 
both  sides)  laid  on  the  bottom  table,  being  located  by  the  boss 
bolt  and  the  stepped  block.  The  top  plate  can  then  be  swung 
back  and  the  whole  block  cramped  together  by  the  hinge  bolts, 
which  are  about  f"  diameter.  The  boss  is  fitted  with  specially 
stiffened  washers  covering  the  boss  diameter,  and  these  are 
•clamped  together  by  the  boss  bolt.  With  this  process  the 
block  can  be  completely  glued  up  in  less  than  ten  minutes,  and 
the  joints  obtained  are  perfectly  satisfactory  provided  the 
laminations  are  accurately  finished  to  the  specified  dimensions. 
If  the  thickness  of  the  lamination  at  any  point  is  more  than 
*5  mm.  different  from  the  specified  thickness,  a  faulty  glued 
joint  may  be  caused.  In  each  case,  after  the  block  is  cramped 
up,  the  glue  should  flow  freely  from  between  the  joints,  and  it  is 
advisable  to  scrape  away  the  surplus  glue  that  collects  at  the 
joints  before  finally  tightening  up,  to  allow  the  glue  to  be 
squeezed  out  under  the  full  pressure  of  the  cramps,  which  should 
be  about  150  Ibs.  per  square  inch,  and  the  glue  should  continue 
to  exude  for  some  time. 

In  the  case  of  liquid  glues,  the  glue  will  have  acquired 
permanent  set  in  about  twelve  hours,  and  the  block  may  be 
removed  from  the  table  after  fifteen  hours.  In  the  case  of 
casein  cement,  about  twenty-four  hours  should  elapse  before  the 
cramps  are  removed. 

Four-bladed  Propellers. — In  the  case  of  the  four-bladed 
propeller  each  lamination  is  made  up  of  two  pieces  of  timber, 
with  the  grain  of  each  at  right  angles  to  the  other.  W'ith  this 
arrangement  the  laminations  must  be  jointed  at  the  boss.  These 
joints  are  made  in  two  ways.  In  the  first  case,  the  laminations 
are  '  half-lapped}  that  is,  the  laminations  are  each  recessed  at  the 
boss,  so  that  they  fit  together  as  shown  in  Fig.  62.  The  side  of 
the  square  forming  the  joint  depends  upon  the  boss  dimensions, 
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and  generally  the  dimension  fd'  should  be  about  '8  of  the  boss 
face  diameter. 

In  the  method  first  introduced  by  Messrs.  Oddy  each  com- 
plete four-bladed  lamination  (termed  the  Oddy  pair)  is  made  up 
of  one  lamination  continuous  from  tip  to  tip,  and  two  short 
laminations,  making  a  butt  joint  with  the  through  lamination. 
In  this  case  the  width  of  the  through  lamination  at  the  joint 
corresponds  to  the  dimension  '  d*  in  the  half-lapped  joint.  This 
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FIG.  62. — Four-bladed  Propeller  Boss  Joints. 

joint  is  also  shown  in  Fig.  62.  In  a  four-bladed  propeller 
constructed  upon  the  Oddy  principle  the  through  laminations 
form  opposite  pairs  of  blades  alternately  as  shown.  In  each 
case  the  complete  four-bladed  lamination  must  be  accurately 
fitted  to  prevent  undue  stress  upon  the  glued  joints,  and  conse- 
quent vibration  and  failure.  In  the  complete  propeller,  in  order 
to  prevent  failure  due  to  the  alternate  joints  lying  in  one  plane,, 
the  successive  halvings  or  butt  joints  are  staggered  relatively  to- 
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each  other,  as  shown.  This  stagger  need  only  be  slight,  about 
two  degrees  being  a  fairly  average  value,  but  it  will  generally  be 
found  possible  to  arrange  the  stagger  so  that  the  squared  sides 
follow  the  line  of  the  grain  in  each  successive  lamination. 

In  general,  the  gluing-up  process  is  the  same  for  four-bladed 
propellers  as  for  the  two-blader,  but  owing  to  the  fact  that  careful 
fitting  of  the  boss  joints  is  necessary  to  ensure  correct  alignment 
of  the  finished  blades,  it  is  usual  to  glue  up  not  more  than  two 
complete  laminations  at  a  time,  the  faces  being  planed  off  after 
each  operation,  and  the  pair  being  cramped  for  twelve  hours 
before  the  next  pair  is  added.  Even  with  these  precautions  the 
blades  are  liable  to  cast  slightly,  and  to  get  out  of  track,  so  that 
it  is  advisable  to  allow  rather  more  on  the  laminations,  about 
15  mms.  all  round  the  finished  size  being  necessary. 

General  Gluing  Notes.— In  all  gluing  operations  the 
following  precautions  should  be  observed  : — The  glue  should  be 
prepared  and  used  exactly  to  the  manufacturers'  specification, 
and  only  the  quantity  immediately  necessary  should  be  prepared 
or  heated  at  any  time.  The  laminations  should  be  perfectly  flat 
and  free  from  grease  or  dirt,  and  the  glue  room  should  be  main- 
tained at  a  uniform  temperature  of  about  70°  F.  and  kept  free 
from  dust.  The  laminations  should  be  coated  on  each  face  with 
a  layer  of  glue  of  perfect  fluidity  and  uniform  thickness,  and 
placed  in  position  as  quickly  as  possible.  In  order  to  allow  the 
glue  time  to  enter  the  face  of  the  timber,  the  block  should  not  be 
cramped  till  about  five  minutes  after  the  application  of  the  glue, 
and  the  pressure  should  then  be  uniformly  applied  from  the  boss 
to  the  tips,  being  gradually  increased  by  successive  tightening-up 
of  the  bolts  till  a  pressure  of  about  150  Ibs.  per  square  inch  is 
obtained  after  about  fifteen  minutes,  and  the  edges  of  the  joints 
should  be  scraped  clear  of  glue  as  it  squeezes  out.  It  is  often 
advantageous  to  paint  the  laminations  before  gluing  with  a 
solution  of  formalin.  Following  the  removal  of  the  airscrew 
blocks  from  the  gluing-up  table  after  the  prescribed  period,  the 
airscrews  should  not  be  worked  till  the  following  periods  from 
the  time  of  gluing  up  : — 

In  the  case  of  cake  or  powder  glue,  at  least  thirty-six  hours ; 
with  liquid  glues,  forty-eight  hours  is  necessary ;  and  with 
casein  cements,  a  period  of  seventy-two  hours  should  elapse.  In 
all  cases  these  are  minimum  periods,  and  should  be  exceeded 
whenever  possible. 


CHAPTER   XIV. 
SHAPING  AND  FINISHING  IN  THE  WHITE. 

THE  structural  features  of  the  airscrew  regarded  as  a  loaded 
cantilever  are  considered  in  the  preparation  of  the  airscrew 
block  in  relation  to  the  necessary  strength  of  the  timber  and 
glued  joints  forming  the  laminated  block.  The  process  of 
shaping  the  block  to  the  finished  contour  determines  the  aero- 
dynamic features  of  the  resultant  airscrew,  and  in  the  considera- 
tion of  shaping  methods  and  processes  the  effect  upon  the 
aerodynamic  features  is  most  important,  while  the  shaping 
process  should  not  reduce  the  strength  of  the  airscrew  structure. 
The  shaping  process  can  be  divided  roughly  into  two  stages  : 
rough  shaping,  during  which  operation  the  propeller  block  is 
reduced  to  within  about  3  mms.  of  the  finished  dimensions  ;  and 
the  final  shaping,  which  leaves  the  propeller  with  the  specified 
•dimensions  and  in  a  suitable  condition  for  the  finishing  process 
required  to  be  applied. 

Rough  Shaping. — The  rough  shaping  may  be  commenced 
within  three  days  of  the  gluing  up  of  the  propeller  block, 
although  it  is  preferable  to  allow  a  longer  period  to  elapse, 
especially  in  the  case  of  walnut  propellers,  where  the  cutting 
shocks  on  the  timber  block  may  be  sufficient  to  break  the  glued 
joints.  Rough  shaping  may  be  carried  out  by  hand,  by  profiling 
on  a  band  saw,  or  by  shaping  on  a  copying  machine.  In  all 
cases  it  is  usual  to  bore  the  centre  hole  to  the  finished  dimension, 
as  required  by  the  engine  coupling,  and  to  plane  off  the  faces  of 
the  propeller  till  these  are  true  and  normal  to  the  axis  of 
rotation  before  rough  shaping.  Except  where  the  gluing  up 
has  been  carried  out  without  due  regard  to  the  precautions 
necessary,  the  airscrew  blade  should  not  cast  more  than  I  mm. 
in  a  diameter  of  10  feet,  and  with  this  limit  of  error  it  is  com- 
paratively easy  to  square  off  the  plane  faces. 

Boring  the  Airscrew  Boss. — This  operation  must  be 
accurate  to  within  very  small  limits  of  error,  as  any  slight 
deviation  from  a  truly  cylindrical  hole  normal  to  the  face  of  the 
propeller  boss  will  cause  severe  out-of-balance  stresses  in  the 
engine  propeller  shaft  when  in  service,  and  this  results  in 
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considerable  propeller  flutter,  with  consequent  engine  vibration 
and  excessive  heating  of  the  airscrew  boss.  No  special  type  of 
machine  is  necessary  for  boring  propellers,  but  to  obtain  the 
required  accuracy  the  boring  machine  should  be  very  rigid,  and. 


FIG.  63. — Boring  and  Recessing  Machine. 
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the  cutter  bar  should  be  supported  at  both  ends,  and  driven  at  a 
high  speed  (between  3500  and  5000  r.p.m.).  The  propeller 
boring  machine  shown  in  Fig.  63  has  been  specially  designed 
for  such  work,  and  the  following  features  give  the  required 
degree  of  accuracy.  The  boring  bar  is  fitted  with  a  plain  flat 
fly-cutter,  which  is  fixed  rigidly  to  the  bar  by  a  bolt  passing 
through  a  slot  in  the  bar.  The  boring  bar  is  rigidly  held  in  the 
machine  spindle  with  a  No.  4  Morse  Taper  and  a  screwed  end, 
while  the  continuation  of  the  boring  bar,  which  is  about  i|  inches 
in  diameter,  passes  through  the  existing  hole  in  the  propeller 
boss  and  engages  in  a  brass  bush  carried  in  a  ball-bearing 
housing  recessed  into  the  table.  This  gives  rigid  support  to 
both  ends  of  the  boring  bar,  and  the  centre  bore  can  be  drilled 
to  the  required  degree  of  accuracy. 

Spindling  the  Block. — Before  rough  shaping,  the  propeller 
is  machined  to  its  plan  form  shape,  this  generally  being  per- 
formed on  a  spindling  machine,  a  template,  generally  termed  the 
'Back  Pattern,'  being  employed.  The  back  pattern  simply 
corresponds  to  the  profile  of  the  finished  airscrew  blade  in  plan 
form,  with  the  centre  hole  bored  and  the  centre  line  of  the 
propeller  blade  marked  on  it.  This  pattern  is  fixed  on  to  the 
airscrew  block,  so  that  the  boss  hole  corresponds  with  the  centre 
bore  of  the  propeller  block,  and  the  centre  line  on  the  template 
with  the  centre  line  of  the  block.  In  the  case  of  airscrew  blocks 
where  pin-holes  are  used  to  locate  the  laminations,  these  can  be 
used  to  locate  the  back  pattern,  and  in  other  cases  a  special  pin- 
hole  should  be  drilled  in  one  of  the  laminations  on  the  centre 
line,  a  corresponding  pin-hole  being  drilled  in  the  back  pattern. 
With  the  back  pattern  pressing  against  a  guide  on  the  spindle, 
the  block  can  be  profiled  to  within  about  3  mms.  of  the 
finished  size. 

Rough  Shaping  by  Hand. — In  this  method,  after  spindling, 
the  blades  are  reduced  to  within  about  4  mms.  of  the  finished 
contour  by  chopping  off  the  surplus  timber  with  small  hand- 
axes.  No  templates  are  used  during  this  operation,  the  lamina- 
tion joint  lines  being  a  sufficient  guide  to  the  experienced  man. 
By  this  means  the  blades  can  be  reduced  to  the  desired  limits 
quickly  and  accurately,  but  the  blows  of  the  axe  are  liable  to 
cause  timber  shakes  and  failures  of  the  glued  joints,  and  great 
care  is  necessary  to  prevent  the  laminations  splitting  at  the 
edges,  especially  where  walnut  is  the  timber  used. 

The  Band-saw  Method. — This  operation  can  only  be 
performed  by  a  skilled  craftsman,  the  blades  being  roughed 
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down  by  successive  cuts  along  the  pitch  and  round  sides  of  the 
blade.  No  templates  are  used,  and  using  the  joint  lines  as 
guide  lines,  the  blades  can  be  reduced  to  within  3  mms.  of  the 
finished  contour  in  about  half  an  hour  for  the  average  blade 
9  feet  in  diameter. 

Shaping  Machines. — Since  the  hand-shaping  of  the  airscrew 
blade  is  responsible  for  most  of  the  cost  of  production,  besides 
introducing  the  limits  of  error  due  to  the  degree  of  mechanical 
skill  of  the  operator,  attempts  have  been  made  to  design  shaping 
machines  that  will  reproduce  any  number  of  propellers  accurate 
within  desired  limits,  from  a  particular  sample.  At  present,  no 
shaping  machine  possesses  the  required  degree  of  accuracy,  but 
considerable  time  and  expense  may  be  saved  by  reducing  the 
blade  to  within  a  few  millimetres  of  the  finished  size,  and 
finishing  by  hand.  All  shaping  machines  in  use  are  of  the 
copying  type,  but  whereas  English  and  American  practice  has 
been  to  produce  machines  which  cut  across  the  blade,  the  French 
designers  have  aimed  at  a  machine  in  which  the  cutting  blade 
traverses  the  length  of  the  propeller.  In  the  latter  case,  owing 
to  the  greater  length  of  cut  without  reverse,  the  operation  is 
performed  much  more  quickly,  but  owing  to  the  difficulty  of 
supporting  the  pattern  and  the  block  at  the  tips,  in  a  machine  of 
this  type,  the  accuracy  of  the  finished  size  varies  considerably. 
Of  the  English  type  the  Wad  kin  Shaper  has  been  used  to  a 
considerable  extent,  with  perfectly  satisfactory  results. 

This  shaper  is  illustrated  in  Figs.  64  and  65,  and  the  following 
are  some  of  the  more  important  features  of  its  construction. 
The  machines  of  normal  type  will  take  propellers  up  to  14  feet 
in  diameter,  i6£  inches  in  width,  and  of  any  number  of  blades. 
The  bed  of  the  machine  is  a  heavy  casting  with  machined  ways, 
upon  which  a  sliding  carriage  is  mounted.  This  is  arranged  to 
feed  in  both  directions  at  speeds  of  3f  inches  or  5f  inches  per 
minute,  the  machine  thus  taking  from  35-60  minutes  to  shape 
both  faces  of  a  propeller  9  feet  in  diameter.  Upon  this  sliding 
carriage  pivoted  arms  carry  the  roller  and  cutter  block  respec- 
tively, being  connected  at  the  free  ends,  so  that  the  two  arms 
always  remain  parallel  to  each  other,  while  the  weight  of  the 
arms  are  counterbalanced  by  an  adjustable  spring.  In  the  latest 
types  the  roller  which  travels  across  the  *  original '  (which  is 
to  be  copied)  is  8  inches  in  diameter,  while  the  cutter  block  is 
fitted  with  twelve  cutters,  six  cutting  on  the  forward  stroke  and 
six  on  the  reverse.  The  cutter  block  is  rotated  at  a  speed  of 
of  5500  r.p.m.,  and  the  cutting  circle  diameter  can  be  adjusted 
within  limits  of  approximately  7^  inches  to  8^  inches.  As 
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shown  in  the  diagrams  the  'original*  and  the  block  are  both 
mounted  on  stout  shafts  fixed  to  the  bed,  and,  in  order  that  the 
motion  of  the  arms  can  be  kept  approximately  horizontal 
throughout  the  stroke,  the  two  shafts  can  be  tilted  together 
about  the  shafts  through  any  desired  angle.  The  following  notes 
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upon  the  general  running  and  use  of  these  machines  should  be 
observed. 

General  Instructions  for  Running. — The  machine  should 
be  firmly  fixed  in  a  concrete  foundation,  and  perfectly  level  in 
both  directions.  Owing  to  the  fine  dust  created  by  the  cutters, 
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FIG.  66. — Shaping  Machine  'Original.' 
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the  machine  should  be  kept  clean    and    well    lubricated    with 
suitable  grease. 

Preparing  the  '  Original.' — This  consists  of  one  blade  and 
the  boss.  It  is  advisable  to  shape  a  separate  original  for  each 
blade  face,  and  the  original  is  best  constructed  in  three  portions, 
as  shown  in  Fig  66.  The  centre  portion  is  constructed  of  hard- 
wood laminations,  is  wide  enough  to  take  the  greatest  width  of 
the  propeller  in  plan  form,  and  is  shaped  to  the  section  templates 
as  in  the  case  of  the  hand-shaped  propeller  (see  later).  The 
depth  at  the  boss  must  be  exactly  equal  to  that  of  the  propeller 
block  to  be  shaped.  This  block  must  be  very  accurately  made, 
as  any  errors  will  appear  in  the  shaped  propeller.  The  side 
pieces  may  be  built  up  as  convenient,  preferably  in  hardwood, 
and  serve  as  guides  for  the  roller  during  the  remainder  of  the 
stroke.  The  total  width  of  the  block  should  be  at  least  20  inches, 
and  while  the  shape,  clear  of  the  blade  portion,  is  immaterial,  it 
is  important  to  construct  these  so  that  each  section  is  smooth, 
with  no  concave  curvature  less  than  4  inches  in  radius.  The  end 
of  the  block  is  prolonged  to  take  the  steady-pin,  which  projects 
from  the  holders  on  the  supporting  bars,  this  pin  being  I  inch  in 
diameter.  The  boss  should  be  accurately  faced  and  bored 
i  \  inches  in  diameter  to  take  the  mandrel.  The  original  is  then 
mounted  on  its  shaft,  and  fixed  in  position  by  the  mandrel 
through  the  boss  and  the  steady-pin. 

The  propeller  block  should  be  prepared  as  usual  and  fitted 
with  a  metal  bush  drilled  \\  inches  in  diameter  and  a  good  fit 
in  the  boss.  One  lamination  must  be  prolonged  about  4  inches 
to  take  the  i-inch  steady-pin  corresponding  to  that  on  the 
original,  generally  the  centre  lamination.  In  cutting  smaller 
diameter  propellers  the  bars  are  fitted  with  a  link  close  to  the 
tip  of  the  original  to  reduce  the  deflection  of  the  shafts  carrying 
the  blocks.  The  original  can  be  made  dead  to  size,  and  the 
cutter  block  adjusted  so  that  the  cutting  circle  is  about  4  mms. 
less  in  diameter  than  the  roller  block,  this  giving  the  necessary 
allowance  for  finishing.  The  cradle  may  be  adjusted  periodically 
•during  each  cut,  to  give  an  approximately  horizontal  motion  of 
the  roller  throughout  the  blade,  and  the  blade  should  only  be 
shaped  on  the  machine  within  3  inches  of  the  tip  and  6  inches  of 
the  boss.  The  reverse  side  of  the  blade  may  be  shaped  in  a 
similar  manner  with  a  different  '  original,'  and  as  the  blades  are 
fixed  by  the  boss  hole  and  the  boss  faces,  together  with  the 
steady-pins,  no  special  adjustment  is  necessary. 

After  machine  shaping  it  is  necessary  to  smooth  off  the 
blade  by  hand,  shape  the  tips  (machine  shaping  generally  results 
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in  split  tips),  and  finish  off  the  boss  and  the  leading  and  trailing 
edges,  which  are  left  full,  as  shown  in  Fig.  66,  owing  to  the 
necessity  for  restricting  the  concave  curvature  of  the  block. 

Final  Shaping. — After  the  blades  have  been  rough  shaped, 
by  whatever  process,  they  must  be  finished  accurately  to  size  by 
hand,  and  the  method  of  shaping  is  generally  independent  of  the 
rough-shaping  process.  The  blades  are  shaped  to  definite 
dimensioned  sections  at  certain  radii,  and  the  portions  between 
these  sections  faired  off  by  the  appearance  of  the  lamination 
joint  lines.  The  general  method  of  marking-off  the  blade  varies 
with  the  type  of  blade  designed.  In  designing  propellers,  to 
facilitate  production  it  is  important  to  remember  that  the 
trailing  edge  of  the  propeller  is  generally  thin  throughout  the 


FIG.  67. — Back  Pattern. 

working  portion  of  the  blade,  so  that  it  is  easy  to  obtain  a 
definite  line  through  the  trailing  edge,  whereas  the  leading  edge 
being  thick  it  is  generally  indeterminate  within  small  limits. 
For  this  reason  it  is  advisable  to  construct  the  working  drawings 
with  exact  dimensions  for  the  position  of  the  trailing  edge 
throughout  the  blade.  This  is  possible  for  all  types  of  pro- 
pellers, although  when  the  propeller  is  designed  so  that  the  top 
of  the  round  side  of  each  section  lies  in  the  plane  of  the  boss 
face  throughout  the  blade,  it  is  difficult  to  keep  within  sufficiently 
accurate  limits  for  this  to  be  obtained. 

For  the  complete  fixing  of  the  contour  of  the  trailing  edge,. 
it  is  necessary  at  each  of  the  dimensioned  sections  to  give  the 
distance  of  the  trailing  edge  from  the  centre  line  in  plan  form  and 
the  drop  ol  the  trailing  edge  below  the  plane,  containing 
the  boss  face  and  normal  to  the  axis  of  rotation.  From  these 
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dimensions  the  *  back  pattern '  can  be  constructed  to  fix  the 
plan  form.  This  pattern  is  usually  made  of  hardwood  three-ply 
about  three-quarters  of  an  inch  in  thickness,  and  thin  three-ply 
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can  be  fixed  round  the  trailing  edge  portion,  as  shown  in  Fig.  67, 
with  ordinates  from  the  under  side  of  the  pattern  equal  to  the 
drop  of  the  trailing  edge  at  the  various  sections,  the  edge  being 
smoothed  off  between  the  dimensioned  sections  to  give  a  smooth 
contour.  When  the  back  pattern  is  placed  upon  the  block,  with 
the  central  holes  and  the  centre  lines  coincident,  the  position  of 
the  trailing-edge  line  can  be  accurately  marked  off.  From  this 
line,  section  templates  can  be  used  to  fix  the  dimensioned 
sections. 

The  Section  Templates  arc  made  in  two  parts,  generally 
of  three-ply  or  of  14  gauge  mild  steel.  The  fixed  dimensions 
given  on  the  working  drawing  are,  the  blade  angle,  the  over-all 
blade  width,  and  the  maximum  blade  thickness,  together  with 
sufficient  dimensions  to  fix  the  section  contour,  unless  this  can 
be  obtained  by  a  tracing  from  the  drawing.  Typical  templates 
are  shown  in  Fig.  68  for  sections  at  the  tip  and  at  the  root  of  the 
blade,  and  the  following  features  should  be  noted.  The  section 
templates  are  made  with  a  definite  point  in  the  trailing  edge,  and 
the  locus  of  these  points  corresponds  to  the  trailing-edge  line 
marked  off  from  the  back  pattern.  The  line  of  division  of  the 
templates  is  arranged  to  cut  the  leading  and  trailing  edges  of  the 
section  at  the  extreme  width  in  plan  form.  The  blade  angles  of 
the  templates  should  be  verified  by  the  aid  of  a  vernier  pro- 
tractor, and  should  agree  to  within  5' with  the  dimensions  given,, 
while  the  contour  should  be  correct  to  within  at  least  '25  mm.  at 
every  point.  With  these  templates,  and  the  back-pattern  tem- 
plate, the  actual  shaping  can  be  performed  as  follows. 

Shaping  the  Propeller. — The  propeller  should  be  rigidly 
fixed  with  the  boss  faces  truly  horizontal.  A  bali-and-socket 
vice  of  the  type  shown  in  Fig.  69  is  most  convenient  for  holding 
the  airscrew,  the  blade  being  clamped  by  a  bolt  passing  through 
the  central  hole,  a  metal  bush,  which  is  a  working  fit  in  the  hole,, 
being  used  to  keep  the  bolt  normal  to  the  boss  faces.  The 
propeller  is  first  placed  on  the  stand  with  the  pitch  face  hori- 
zontal and  clamped  in  position,  spirit  levels  being  used  for 
testing  the  position.  The  back  pattern  is  now  laid  on,  and  the 
position  of  the  trailing  edge  marked,  the  blade  being  profiled 
down  in  plan  form  till  the  trailing  edge  is  parallel  to  the  trailing 
edge  of  the  back  pattern  and  with  I  mm.  clearance.  The 
position  of  the  trailing-edge  point  is  marked  at  each  of  the 
dimensioned  sections,  and  tne  section  line  in  plan  form  marked 
from  the  boss  pattern.  From  the  trailing-edge  point,  by  means 
of  a  gouge  or  a  narrow  sharp-edged  plane,  the  blade  is  carved  at 
each  dimensioned  section,  till  the  trailing  edge  is  within  I  mm. 
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of  the  marked  point,  and  the  blade  angle  and  contour  is  such 
that  the  corresponding  template  for  the  pitch  side  is  a  good  fit 
across  the  surface,  with  the  edge  A  B  of  the  template  horizontal 
when  tested  with  a  spirit  level.  This  operation  is  performed  for 
each  dimensioned  section  on  all  the  blades  in  turn,  and  great 
care  should  be  taken  in  marking  off  the  blade  profile  that  the 
alignment  of  corresponding  points  in  the  trailing  edge  is  correct. 
This  will  be  the  case  if  the  centre  lines  pass  through  the  exact 
centre  of  the  boss,  and,  in  the  case  of  four-bladers,  the  centre 
lines  of  each  pair  of  blades  are  exactly  at  right  angles  to  each 
other,  while  the  centre  line  on  the  back  pattern  corresponds 
exactly  with  the  centre  line  in  each  blade. 


FIG.  69. — Universal  Ball  and  Socket  Vice  Stand. 

From  the  definite  sections  thus  obtained,  the  blade  can  be 
reduced  between  the  sections  until  a  smooth  contour  is  obtained 
with  no  bumps  in  the  blade  surface,  and  the  portion  between  the 
root  section  and  the  propeller  boss  (which  is  shaped  to  the 
drawing  dimensions)  is  carved  out,  so  that  the  blade  runs 
smoothly  into  the  boss,  the  lines  of  the  lamination  joints  being 
sufficient  guide.  When  the  pitch  face  is  thus  finished,  the 
profile  in  plan  form  will  correspond  roughly  to  the  back  pattern, 
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with  about  I  mm.  excess  on  the  trailing  edge  and  3  mms.  on  the 
leading  edge,  except  at  the  tip,  where  the  blade  is  not  shaped  in 
plan  form  beyond  the  outside  section  dimensioned.  Before 
turning  the  blade  over,  the  pitch  face  should  be  carefully  tested 
for  track  and  alignment  of  the  trailing  edge,  and  these  should 
be  correct  within  i  mm.,  while  the  blade  angles  at  each  of  the 
dimensioned  sections  should  be  tested  by  use  of  the  section 
templates  and  the  spirit  level. 

The  Round  Side. — The  blade  is  then  turned  over  and  the 
boss  face  on  the  round  side  reduced  to  within  I  mm.  of  the 
finished  thickness,  and  planed  flat  and  parallel  to  the  opposite 
face.  The  propeller  is  then  clamped  in  the  vice,  with  the  boss  face 
preferably  truly  horizontal.  The  blade  is  then  reduced  at  each 
of  the  dimensioned  sections  with  a  gouge  or  plane  as  before, 
till  the  round-side  template  is  a  good  fit,  and  when  placed  on  the 
blade  with  the  corresponding  pitch-side  template  the  two  should 
fit  the  blade,  with  the  edges  corresponding  to  the  dividing  line 
exactly  parallel  and  about  I  mm.  apart.  From  these  sections, 
and  the  shape  of  the  lamination  joint  lines,  the  round  side  can 
be  finished  off  as  in  the  case  of  the  pitch  side.  The  blades  are 
then  ready  for  finishing  off  to  the  required  dimensions.  The 
rounded  tip  of  the  propeller  blade  is  best  obtained  by  the  use  of 
a  template  showing  the  developed  shape  of  the  pitch  face  at  the 
tip,  and  this  developed  tip  should  be  shown  on  the  working 
drawing.  The  leading  and  trailing  edges  can  then  be  rounded 
off  till  the  blade  width  at  each  of  the  dimensioned  sections  is 
about  2  mms.  more  than  the  required  width.  Before  finishing 
dead  to  size  the  propeller  blade  should  be  tested  for  diameter, 
alignment  and  track,  and  balance  in  all  positions.  If  the  block 
is  carefully  balanced  before  gluing  up,  and  the  timber  graded, 
the  propeller  will  be  found  to  be  very  little  out  of  balance  when 
thus  shaped,  and  the  remainder  of  the  timber  to  be  removed  can 
be  scraped  uniformly  off  the  blade  till  the  section  templates  are 
a  good  fit  with  the  dividing  edges  just  touching,  and  the  boss 
can  be  finished  off  to  the  specified  dimensions. 

General  Notes  on  Shaping. — After  rough  shaping  it  is 
advisable  to  leave  the  blade  for  some  time,  to  allow  the  block  to 
acquire  permanent  set,  and  when  shaping  it  is  desirable  to  test 
the  blade  angles  frequently  to  detect  any  casting  or  warping  of 
the  blade.  In  the  case  of  propellers  with  pin-holes  in  the  blades 
for  locating  the  laminations,  these  should  be  drilled  out  to 
4  mms.  diameter,  and  push-fitting  hardwood  pins  glued  in 
immediately  after  rough  shaping. 

The  blades  should  be  reduced  nearly  to  the  finished  size  by 
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means  of  a  smoothing  plane,  or  by  spokeshave,  and  finally 
smoothed  off  by  means  of  a  scraper  of  hard  steel  about  TV"  thick 
and  with  perfectly  square  edges,  4"  by  2£"  being  a  very  con- 
venient size.  The  time  required  for  shaping  depends  upon  the 
size  of  the  airscrew,  the  type  of  blade,  the  number  of  dimensioned 
sections,  and  the  method  of  rough  shaping  employed,  in  addition 
to  the  skill  of  the  operator. 

Walnut  is  much  harder  to  work  than  mahogany,  and  generally 
increases  the  time  for  shaping  by  about  10  per  cent.  The  blade 
with  the  trailing  edge  straight  in  both  views  is  generally  the 
easiest  to  work,  and  it  is  found  that  sections  spaced  as  in  the 
typical  airscrews  considered  previously  with  seven  dimensioned 
sections  in  each  blade  are  sufficient  to  give  a  uniform  contour 
within  very  close  limits,  a  greater  number  of  dimensioned 
sections  increasing  the  time  for  shaping  without  a  corresponding 
increase  in  the  regularity  of  the  contour.  In  working  the  blade 
the  timber  must  be  carved  in  the  direction  which  gives  no 
tendency  for  the  fibres  to  tear  along  the  grain,  and  as  this  varies 
continually  throughout  the  blade,  the  ball-and-socket  type  of 
vice  shown  in  Fig.  69  greatly  facilitates  ease  of  shaping. 

Inspection  in  the  "White. — The  blade  should  be  inspected 
throughout  the  whole  period  .of  manufacture  for  any  defects  or 
signs  which  tend  to  reveal  defects  in  the  structure  of  the  wood, 
but  after  the  shaping  process  each  propeller  is  carefully  examined. 
The  inspection  should  be  carried  out  by  specially  experienced 
men,  as  the  majority  of  the  signs  indicating  defects  can  only  be 
read  as  the  results  of  experience,  while  a  delicate  sense  of  touch 
is  necessary  to  detect  slight  disturbances  in  the  contour  of  the 
finished  blade.  The  general  process  of  inspection  follows  the 
instructions  laid  down  by  the  Air  Ministry,  as  given  in  the 
Appendix,  the  limits  of  error  in  the  dimensions  allowable  being 
arrived  at  from  a  consideration  of  possible  accuracy,  and  the 
effect  of  such  variation  upon  the  propeller  performance.  The 
permissible  limits  of  error  for  each  of  the  dimensions  are  as 
follows  (see  Fig.  2,  Appendix)  : — 

Diameter 

±  4  mms. 

Blade  Angles 

±  30'  over  the  effective  portion  of  the  blade. 
±1°  over  the  root  portion. 

Blade  Widths 

±  i  mm.  over  the  effective  portion  of  the  blade. 
±  3  mms.  over  the  root  portion. 
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Blade  Thickness 

±  i  mm.  over  the  effective  portion  of  the  blade. 
+  3  to  —  I  mm.  over  the  root  portion. 

Track 

3  mms.  at  the  tips  of  opposite  blades. 

Alignment 

2  mms.  at  the  tips  of  opposite  blades. 

Boss  Dimensions 

These  limits  are  generally  fixed  by  the  conditions  for 
interchangeability  with  different  engine  couplings,  and  in 
general  +  2  mms.  for  all  dimensions,  except  the  central 
bore,  is  permissible. 

During  inspection  the  contour  of  the  round  and  pitch  faces 
must  be  examined  for  any  bumps  and  irregularities,  and  these 
must  be  removed. 

Balancing  the  Airscrew. — After  inspection,  the  blades,  if 
over  size,  must  be  reduced  to  the  desired  limits,  and  after  being 
passed  for  material,  contour,  and  dimensions,  the  balance  must 
be  carefully  tested.  In  balancing  the  propeller  upon  the  spindles 
it  is  desirable  to  use  a  standard  size  spindle  with  a  metal  bush 
which  is  a  working  fit  on  the  spindle  and  a  good  push  fit  in  the 
central  bore.  The  balancing  spindle  must  revolve  very  freely, 
and  not  stick  in  any  position.  The  propeller  should  be  tested 
for  vertical  and  horizontal  balance,  and  at  various  degrees  of 
inclination.  Any  defect  in  the  horizontal  balance  can  be  easily 
rectified  by  the  removal  of  timber  at  the  root  portion  of  the 
heavier  blade,  and  when  due  precautions  have  been  observed 
during  the  gluing-up  process,  this  can  be  carried  out  without 
affecting  the  aerodynamic  balance.  In  the  case  of  vertical 
balance,  this  may  be  bad,  owing  to  the  alignment  not  being 
absolutely  correct,  and  in  this  case  it  will  be  found  a  difficult 
matter  to  correct  the  static  vertical  balance  by  removing  timber 
from  the  blade  without  spoiling  the  aerodynamic  balance. 

Where  it  is  necessary  to  remove  timber  along  the  blade  to 
obtain  static  balance,  this  should  be  removed  from  the  back  of 
the  blade  between  the  maximum  ordinate  of  the  section  and  the 
trailing  edge,  as  this  portion  of  the  blade  has  least  effect  upon 
the  aerodynamic  properties.  During  this  operation  care  shou'd 
be  taken  not  to  reduce  the  trailing  edge  to  a  serious  extent. 

In  the  case  of  propellers  under  size  in  the  effective  portion  of 
the  blade,  where  the  aerodynamic  properties  are  more  important 
than  structural  considerations,  the  blades  may  often  be  rectified 
by  gluing  thin  walnut  veneers  across  the  blade,  the  blades  after- 
wards being  shaped  down  to  dimensions,  and  the  same  pre- 
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cautions    regarding   vertical    and    horizontal    balance   must    be 
observed. 

Any  surface  defects  appearing  during  shaping  must  be 
carefully  examined,  and  while  slight  defects  in  the  thick  leading 
portion  of  the  blade  may  have  no  bad  effect,  similar  faults  in  the 
trailing  edge  would  result  in  split  blades.  The  finish  of  the 
blade  surface  is  determined  by  the  particular  finishing  process 
to  be  applied. 


FIG.  70. — Drilling  Jig. 

After  the  blade  has  been  finally  inspected  and  approved  for 
contour,  balance,  materials,  and  dimensions,  the  boss  can  be 
drilled  and  fitted  to  the  engine  coupling.  In  most  cases,  the 
loose  coupling  of  the  engine  can  be  used  as  a  jig,  the  coupling 
being  assembled  in  place  and  the  holes  being  drilled  half-way 
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through  the  boss  from  either  side.  A  machine  similar  to  the 
boring  machine  illustrated  is  useful  for  drilling  to  the  required 
degree  of  accuracy,  the  drill  rotating  at  3500  to  5000  r.p.m.  In 
the  case  of  quantity  production  of  propellers  to  fit  a  standard 
engine  coupling,  a  jig  may  be  used  for  drilling  purposes,  as 
shown  in  Fig.  70.  This  jig  is  made  of  cast  iron  or  mild  steel, 
with  hardened  steel  bushes  fitted  in  the  holes.  The  general 
limits  for  the  accuracy  of  the  bolt  holes  are  as  laid  down  in  the 
Air  Ministry's  Handbook  of  Construction,  and,  after  drilling,  each 
propeller  should  be  actually  fitted  to  a  standard  coupling  with 
the  bolts  in  place,  and  any  necessary  adjustments  made. 


CHAPTER   XV. 

FINISHING  PROCESSES. 

FROM  the  aerodynamic  and  constructional  requirements,  the 
airscrew  may  be  considered  finished  after  the  final  inspection  in 
the  white,  but  the  varying  atmospheric  conditions  met  with  in 
service  would  speedily  affect  the  physical  properties  of  the 
timber  and  glued  joints  unless  the  surface  is  protected  in  some 
way.  The  type  of  protective  finish  adopted  is  dependent  upon 
the  conditions  under  which  the  propeller  will  be  used,  the 
following  being  the  more  important  types  of  finishing  processes 
employed. 

Varnished  Propellers. — Propellers  may  be  finished  by  the 
application  of  a  covering  of  varnish  or  polish.  In  the  case  of 
varnished  propellers  it  is  general  to  first  stain  the  propellers  to 
the  required  colour,  and  then  apply  two  or  three  coats  of  good 
varnish,  each  coat  being  thoroughly  dry  before  the  next  is 
applied,  and  the  final  finish  is  obtained  by  hand-polishing.  When 
this  process  is  carefully  carried  out  a  hard,  smooth,  and  elastic 
surface  is  obtained,  which  protects  the  propeller  from  moisture, 
and  propellers  finished  in  this  manner  have  been  in  service  for 
three  or  four  years  without  deterioration.  This  protective 
coating  is,  however,  not  sufficient  to  resist  the  action  of  rain  or 
wet  grass  upon  the  propeller  when  revolving  at  high  speeds,  and 
is  generally  only  used  for  racing  land  machines,  or  for  experi- 
mental machines,  where  long  life  is  not  important  and  a  slight 
increase  in  efficiency  is  valuable. 

Fabric-covered  Propellers. — This  is  the  standard  type  of 
finish  for  all  machines  which  are  designed  to  operate  over  land 
only.  The  fabric  used  is  similar  to  the  fabric  used  for  covering 
aeroplane  wings,  and  should  be  applied  as  specified  in  the  Air 
Ministry's  Handbook  of  Construction.  When  this  method  is 
followed,  the  weight  of  the  finished  propeller  is  but  slightly 
increased,  but  the  power  absorbed  by  the  propeller  at  the  desired 
speed  is  slightly  more  than  that  absorbed  by  a  varnished  pro- 
peller of  the  same  dimensions  in  the  white,  and  the  efficiency  is 
slightly  less,  due  to  the  increased  roughness  of  the  surface. 

In  the  case  of  land  machines,  the  worst  conditions  met  with 
normally  are,  rain  and  snowstorms  when  in  flight,  the  effect  of 
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wet  grass  and  the  small  stones  drawn  into  the  propeller  disc 
when  it  is  rotating  upon  the  ground,  and  the  collision  with  birds, 
&c.,  when  in  flight.  In  these  cases  the  fabric  is  sufficient  to 
protect  the  blades  to  some  extent,  and  in  the  case  of  slight 
accidental  knocks  on  the  blade  tips  tends  to  stop  splitting  of  the 
trailing  edge. 

In  most  cases,  however,  it  will  be  found  that  after  the  fabric 
is  damaged  slightly,  there  is  no  real  adhesion  between  the  fabric 
and  the  wood,  and  it  will  strip  from  the  blade.  This  is  possibly 
•due  to  the  effect  of  the  finishing  paint  upon  the  glue,  and  maybe 
avoided  by  selecting  suitable  glue.  For  this  reason,  while  fabric- 
finish  may  be  very  suitable  for  machines  performing  flights  of 
short  duration,  where  repairs  can  be  effected  to  slight  tears  soon 
.after  their  occurrence,  on  long-distance  flights  the  fabric  may  be 
torn  and  large  portions  stripped  off  and  flapping  after  a  rain- 
storm, with  possible  serious  effects  upon  the  machine  and  the 
pilot. 

Modified  forms  of  fabric  covering  have  been  tried,  such 
materials  as  celluloid,  hard  rubber,  and  pigskin  being  used,  but 
most  of  these  have  proved  unsatisfactory  in  service,  and  although 
pigskin  is  more  durable  than  fabric,  the  difficulty  of  applying  it 
to  the  blade  face  counteracts  this  advantage. 

Brass  Tipping. — For  all  propellers  designed  to  operate  over 
water  the  provision  of  a  fabric  covering  is  not  sufficient  to  with- 
stand the  action  of  spray  and  sea  air,  and  some  form  of  metal 
•covering  must  be  applied.  The  part  of  the  blade  most  affected 
by  water  particles  is  that  portion  of  the  round  side  extending 
from  the  leading  edge  to  the  maximum  thickness  of  the  section, 
but  the  amount  of  blade  surface  covered  is  determined  by  the 
machine  for  which  the  propeller  is  designed. 

The  general  method  to  be  followed  in  brass-tipping  pro- 
pellers is  as  described  in  the  Air  Ministry's  Handbook  of 
Construction,  where  six  standard  types  of  tips  are  specified. 
The  particular  tip  to  be  used  may  be  obtained  from  the  follow- 
ing considerations  : — 

In  the  case  of  land  machines  which  may  fly  over  the 
sea  at  intervals,  the  only  protection  required  is  along  the  leading 
edge  and  at  the  extreme  tips,  and  the  Standard  Metal  Tips 
Nos.  5  and  6  (see  Fig.  13  in  Instruction  Handbook)  are  m<a£t 
suitable.  The  No.  5  Tip  should  be  used  for  slow-speed  pro- 
pellers, where  the  greater  portion  of  the  blade  is  effective  in 
producing  thrust ;  and  in  high-speed  blades,  where  the  diameter 
of  the  fuselage  behind  the  propeller  is  about  one-half  of  the 
propeller  diameter,  the  shorter  No.  6  Tip  is  sufficient. 
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For  seaplanes  of  the  twin-float  type,  where  the  pro- 
peller tips  clear  the  water  by  about  15  inches  when  getting  off, 
the  spray  and  water  thrown  up  by  the  floats  may  reach  up  to 
the  propeller  boss,  and  these  blades  require  ample  protection, 
the  tips  used  corresponding  to  the  Standard  Metal  Tips  Nos. 
i  and  2. 

For  flying-boats  of  the  single-float  type,  where  the  propellers 
are  pushers  and  protected  to  some  extent  by  the  hull,  only  the 
tips  are  affected,  but  as  these  may  be  completely  under  water 
while  getting  off.  the  brass  tips  fitted  should  be  substantial  and 
similar  to  Standard  Metal  Tips  Nos.  3  and  4.  In  all  cases  it 
will  be  found  that  slow-speed  propellers  require  more  of  the 
leading  edge  to  be  protected,  and  that  pusher  propellers,  being 
shielded  to  some  extent  by  the  front  portion  of  the  machine, 
require  smaller  tips  than  corresponding  tractor  propellers. 

General  Notes  on  Brass  Tipping. — It  has  been  usual  to 
cover  the  blades  with  fabric  before  brass-tipping,  but  this  has 
serious  disadvantages,  as  the  fabric  is  generally  easily  torn  at  the 
edge  of  the  brass  and  repairs  are  difficult,  while  it  is  not  easy  to 
bed  the  tip  satisfactorily  on  the  fabric- covered  propeller.  For 
this  reason,  with  flying-boats  and  seaplanes  which  are  intended 
to  operate  over  large  stretches  of  water,  it  is  advisable  to  bed  the 
brass  tip  on  the  wood  with  a  coating  of  waterproof  paint  between, 
and  to  finish  the  uncovered  portion  of  the  propeller  with  three 
coats  of  waterproof  varnish. 

In  the  case  of  light  high-speed  propellers,  which  whip  and 
twist  to  some  extent  in  flight,  the  saw-cuts  specified  in  the 
Instruction  Handbook  are  necessary  to  give  the  required  degree 
of  flexibility,  and  with  these  propellers  the  increased  centrifugal 
force  due  to  the  weight  of  the  brass  tip  must  be  considered 
when  calculating  the  propeller  stresses.  Brass  tips  are  not 
satisfactory  when  applied  to  blades  with  thin  tips,  and  unless  great 
care  is  taken  to  avoid  inserting  a  row  of  screws  or  rivets  along 
the  trailing  edge  lamination  grain,  the  lamination  will  split 
during  the  fixing  of  the  brass  tip.  This  effect  is  not  so  serious 
with  propellers  in  which  the  trailing  edge  is  curved  in  side 
elevation,  as  the  tip  is  then  fixed  to  two  or  three  laminations. 
Rivets  should  always  be  used  where  the  thickness  of  the  blade 
is  less  than  10  mms..  and  when  these  are  carefully  inserted  and 
the  tips  are  a  vgood  fit  on  the  propeller  blades,  the  propeller  is 
considerably  strengthened  against  splitting  along  the  trailing 
edge.  In  all  cases,  to  prevent  loss  of  efficiency,  the  tip  should 
be  carefully  smoothed  off,  with  no  discontinuity  in  the  contour 
at  the  lap  joints.  The  brass  tips  increase  the  power  absorbed  by 
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the  airscrew  at  given  r.p.m.,  and  in  the  case  of  a  Standard  No.  r 
Tip  this  is  sufficient  to  reduce  the  speed  of  the  propeller  by 
about  3  per  cent. 

Even  with  the  most  careful  fitting  of  the  tip  there  is  a 
tendency  for  the  water  to  creep  under  the  brass,  and  to  avoid 
this  accumulating  and  causing  sufficient  pressure  to  strip  the 
brass  from  the  blade,  drain  holes  must  be  provided  at  the  tips 
on  the  trailing  edge  side,  through  which  the  water  is  expelled  by 
centrifugal  action.  These  holes  must  not  be  fitted  on  the  leading 
edge  side,  where  pressure  is  encountered  and  not  suction,  as  the 
air  pressure  due  to  the  speed  of  the  blade  tip  would  be  sufficient 
to  force  the  tip  off  the  blade  by  tearing  the  screws  from 
the  wood. 

Other  Methods  of  Metal  Tipping. — In  addition  to  the 
use  of  brass  tips  as  specified,  various  types  of  metal  protective 
coverings  are  used,  generally  for  particular  requirements. 

One  of  the  earliest  forms  of  metal  tipping  consisted  of  the 
deposit  of  a  thin  layer  of  copper  over  the  whole  blade  surface  by 
electrolytic  action.  By  this  means  a  thin  layer  about  'or  inches 
thick  is  obtained,  which  is  efficient  in  resisting  the  effect  of 
water,  grass,  small  stones,  &c ,  but  if  the  metal  is  perforated 
along  the  leading  edge  the  whole  covering  is  stripped  off  by  the 
aerodynamic  forces.  Hence  this  covering  is  no  more  effective 
than  fabric,  and  as  it  is  much  more  expensive,  it  has  been 
superseded  by  the  fabricking  process.  Similar  coatings  have  been 
obtained  by  spraying  the  propeller  blade  with  zinc  and  aluminium, 
but  these  present  the  same  limitations  owing  to  the  lack  of 
adhesion  between  the  wood  and  metal  sprayed  on.  These 
methods  tend  to  show  that  a  thickness  of  at  least  '03"  of  the 
metal  tip  is  necessary  for  efficient  protection,  and  material  of 
this  thickness  requires  positive  fixing  by  screws  or  rivets. 

For  training  machines  using  slow-speed  propellers  which  are 
not  highly  stressed,  metal  tipping  with  22  S  W  G  tinned  steel 
plate  has  been  used,  and  the  results  are  quite  satisfactory,  the 
steel  being  harder  and  affording  better  protection  against  flying 
gravel,  &c.,  than  softer  brass  tips. 

In  the  case  of  airship  propellers,  or  other  large  slow-speed 
propellers  operating  for  long  periods  over  the  sea  at  low 
altitudes,  it  is  desirable  to  protect  the  whole  of  the  leading  edge 
and  the  tip  with  a  fairly  heavy  covering.  The  most  satisfactory 
form  of  tip  is  constructed  of  *  Duralumin,'  an  alloy  of 
aluminium,  with  a  hardness  and  strength  comparable  to  mild 
steel,  which  is  practically  unaffected  by  sea  air  when  varnished. 

As   this   alloy  is    only  one-third   the  weight  of  steel,   it  is 


FINISHING  PROCESSES  241 

possible  to  protect  the  leading  edge  for  about  one-fifth  of  the 
blade  width  with  a  metal  layer  "07"  thick,  with  a  total  weight  of 
metal  equivalent  to  that  of  a  standard  brass  tip  of  24  S  W  G 
thickness.  These  Duralumin  tips  are  very  satisfactory  in 
service,  and  increase  the  strength  and  life  of  the  propeller.  In 
the  case  of  airship  propellers,  which  are  generally  required  to  be 
reversible,  the  tip  is  bedded  into  the  timber,  so  that  a  perfectly 
smooth  surface  is  obtained,  and  then,  when  reversed,  there  is  no 
tendency  for  the  air  to  creep  under  the  metal  and  strip  it  off. 

In  all  cases  when  metal  tips  are  fixed  by  screws  or  rivets,  the 
tips  should  be  marked  out  accurately  to  standard  templates,  so 
that  the  tips  on  all  the  blades  are  exactly  similar  ;  and  at  all 
stages  of  fitting  the  propeller  should  balance  approximately. 
With  this  precaution  the  propellers,  after  the  tips  are  fixed,  will 
require  very  slight  adjustment  for  perfect  balance. 

Finishing  by  Lacquering. — This. process  has  been  adopted 
by  French  manufacturers  with  satisfactory  results,  and  is  par- 
ticularly suitable  for  light  flexible  propellers  where  the  blade 
tips  whip  considerably  in  flight.  French  design  generally  tends 
to  the  production  of  very  flexible  propellers,  and  for  this  reason 
metal  tips  prove  unsatisfactory  unless  they  are  built  up  in  small 
separate  pieces  not  more  than  4  inches  in  length.  With  this 
lacquering  process  Japanese  gum  is  used,  and  is  separated  into 
three  grades,  differing  in  consistency  and  purity.  The  heavier 
liquid  is  mixed  with  a  powder  wood-filler  and  used  for  under- 
coating,  the  middle  liquid  is  then  applied,  with  a  final  layer  of 
best-quality  gum.  Each  coat  is  allowed  to  dry  thoroughly 
before  the  next  is  applied,  and  pumice-stoned  to  give  a  smooth 
surface.  The  coats  are  applied  with  a  scraper  or  knife  to  obtain 
uniform  thickness,  and  the  lacquer  takes  a  fine  polish.  After  the 
process  is  complete,  the  blade  is  covered  with  a  hard  layer  about 
i  mm.  thick,  which,  while  being  sufficiently  hard  to  resist  the 
action  of  rain,  snow,  spray,  wet  grass,  and  gravel,  is  extremely 
flexible. 

Boss  Finish. — In  all  cases  the  boss  portion  of  the  blade 
should  be  protected  by  varnishing,  and  the  parts  coming  into 
contact  with  the  metal  of  the  hub-coupling  should  be  painted 
with  a  waterproof  paint  to  prevent  the  bolts,  &c.,  rusting 
in  place. 

Final  Balancing. — The  final  polishing  or  varnishing  stage 
should  be  performed  with  the  airscrew  mounted  on  a  delicately 
supported  spindle,  capable  of  very  easy  rotation,  and  the  pro- 
peller should  be  continually  tested  for  balance.  If  the  balance 
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has  been  considered  throughout  the  whole  process  of  manufacture, 
the  final  accurate  balance  can  be  obtained  by  an  extra  coat  of 
varnish  on  the  light  side,  and  the  propeller  should  be  alternately 
tested  in  horizontal  and  vertical  balance  till  it  will  remain 
stationary  when  placed  at  any  angle.  Before  being  issued,  the 
propeller  should  be  stamped  with  information  regarding  the 
main  dimensions  and  the  machine  and  engine  for  which  it  is 
designed  for  purposes  of  identification. 


CHAPTER   XVI. 

TESTING  OF  PROPELLERS  UNDER  SERVICE  CONDITIONS. 

THE  chief  difficulty  in  propeller  construction  is  to  produce 
in  quantity  propellers  which  will  give  similar  performance,  under 
similar  conditions,  to  the  experimental  propeller  accepted  for  a 
particular  type  of  machine.  The  selection  of  the  most  suitable 
type  of  propeller  is  generally  arrived  at  by  actual  tests  on  the 
machine,  and  in  many  instances  it  will  be  found  that  the  pro- 
peller which  is  theoretically  most  efficient  will  give  worse  results 
on  the  full-scale  tests  under  actual  flight  conditions  than  a 
propeller  with  lower  theoretical  efficiency,  but  more  adapted  to 
the  practical  limitations  imposed  by  the  machine. 

The  experimental  propellers  are  arrived  at  by  purely  theo- 
retical considerations,  allied  with  practical  experience,  and  it  is 
frequently  found  necessary  to  modify  the  design  in  the  light  of 
the  full-scale  test  to  improve  performance  and  reduce  vibration. 
When  the  final  approved  design  has  been  arrived  at,  however, 
and  it  is  necessary  to  produce  such  designs  in  quantity,  testing 
methods  must  be  used  in  manufacture  to  ensure  that  the  pro- 
duction propellers  will  develop  the  structural  and  aerodynamic 
properties  of  the  type  propeller.  If  the  inspection  process  is 
carried  out  thoroughly  during  manufacture,  it  is  only  necessary 
to  submit  to  test  a  percentage  of  the  finished  propellers,  and  all 
those  showing  signs  of  possible  defects. 

Static  Tests. — The  general  method  of  testing  propellers 
produced  on  a  production  basis  is  to  submit  them  to  a  spinning 
test.  This  is  usually  carried  out  on  an  electric  motor,  and 
simultaneous  readings  of  propeller  r.p.m.  and  power  absorbed 
are  taken.  This  spinning  corresponds  to  the  airscrew  rotating 
without  translational  motion,  or  to  climbing  at  low  speeds  on  an 
aeroplane,  and  this  represents  the  condition  of  maximum  stress. 
In  all  cases  where  a  spinning  plant  is  erected,  no  objects  should 
be  permitted  in  close  proximity  to  the  plant  which  would 
disturb  the  air  How  round  the  spinning  propeller.  After  the 
type  propeller  has  been  approved,  the  actual  factor  of  safety  of 
the  propeller  should  be  determined  approximately  by  spinning 
to  destruction.  A  propeller  which  is  designed  to  absorb  a 
certain  horse-power  under  normal  flight  conditions,  when  spun 


244  A  TREATISE  ON  AIRSCREWS 

on  an  electric  motor  should  not  fail  until  it  is  absorbing  from 
2'S  to  3  times  this  power.  If  the  type  propeller  selected  for 
destruction  tests  fails  at  a  lower  load,  further  propellers  up  to 
six  in  number  should  be  tested,  and  unless  at  least  half  of  these 
develop  the  required  strength  the  type  should  be  modified. 
When  the  type  is  approved,  it  is  generally  sufficient  to  spin  the 
propellers  at  such  a  speed  that  the  r.p.m.  are  at  least  5  per  cent, 
above  those  at  which  the  propeller  absorbs  the  normal  design 
horse-power.  This  corresponds  to  a  power  overload  of  about 
15  per  cent,  and  generally  it  is  sufficient  to  spin  about  one  in 
ten  of  the  finished  propellers  and  all  those  with  apparent  defects. 
The  speed  should  be  increased  slowly,  and  maintained  at  the 
maximum  speed  for  about  fifteen  minutes,  and  after  testing  the 
propellers  should  be  examined  for  any  signs  of  surface  defects. 

It  will  be  realised  that  unless  the  testing  plant  is  arranged 
so  that  the  conditions  are  similar  to  those  obtaining  in  service, 
the  test  results  will  be  misleading,  and  it  is  essential  that  all 
propellers  designed  for  tractor  machines  should  be  tested  as 
tractors,  and  vice  versa,  and  that  no  obstructions  in  the  path  of 
the  disturbed  air  entering  and  leaving  the  propeller  should  be 
permitted.  With  due  precautions  the  results  obtained  on  the 
spinning  plant  are  quite  uniform,  and  enable  accurate  deductions 
as  to  manufacturing  defects  and  their  effect  upon  the  properties 
of  the  propeller  to  be  made. 

Interpretation  of  Test  Results  — i.  Structural  Con- 
siderations.— The  chief  causes  of  structural  weakness  and 
failure  are  faulty  material  and  bad  glued  joints,  as  the  working 
limits  of  section  dimensions  are  sufficiently  accurate  to  render 
the  effect  upon  the  strength  being  negligible.  The  signs  of 
structural  weakness  during  the  spinning  test  are  excessive 
vibration  and  whip,  which  may  be  sufficient  to  cause  rupture  at 
the  top  speed.  Where  excessive  vibration  occurs,  the  surface  of 
the  blades  should  be  carefully  examined  after  tests  for  signs  of 
cracks  or  marks  in  the  polish,  and  the  blade  angles  should  be 
measured.  If  these  vary  from  the  original  readings  by  more 
than  half  a  degree  at  any  section,  permanent  distortion  has 
probably  set  in,  and  the  blade  would  probably  fail  after  a  short 
period  of  service  by  splitting  along  the  trailing  edge. 

2.  Aerodynamic  Considerations. — Although  the  static 
spinning  test  is  not  strictly  comparable  to  the  actual  service 
conditions  during  high-speed  flight,  the  test  results  offer  some 
indication  of  the  behaviour  of  the  propeller  in  service,  including 
the  effect  of  variation  in  dimensions  upon  the  performance. 
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The  dimension  limits  considered  in  a  previous  chapter  are 
probably  as  accurate  as  can  be  obtained  with  the  present  condi- 
tions of  manufacture,  but  these  are  sufficient  to  affect  the 
performance  to  a  considerable  extent.  If  the  horse-power 
absorbed  is  read  off  for  the  different  speeds  of  rotation,  it  will 
be  found  that  the  horse-power  absorbed  varies  directly  as  the 
cube  of  the  speed,  for  all  types,  which  agrees  with  the  results 
obtained  for  the  design  theory. 

The  effect  of  the  variation  in  dimensions,  within  working 
limits,  of  propellers  to  the  same  drawing,  is  such  that  in  the  case 
of  an  airscrew  9  feet  in  diameter,  designed  to  absorb  300  horse- 
power in  flight,  the  actual  power  absorbed  at  the  same  static 
spinning-test  speed  varied  from  263  to  297  horse-power  for 
airscrews  just  within  the  low  and  high  limits  of  manufacture 
respectively,  while  the  mean  value  for  a  large  number  was 
280  horse-power.  These  results  are  typical  for  the  usual  type  of 
aeroplane  propeller,  and  tend  to  show  that  the  horse-power 
absorbed  by  propellers  constructed  to  the  same  drawing  may 
vary  by  6  per  cent,  from  the  mean  value  in  either  direction. 
This  would  correspond  to  a  variation  of  2  per  cent,  in  the  speed 
when  absorbing  a  definite  horse-power,  and  as  with  general 
design  of  propellers  the  maximum  r.p.m.  in  the  air,  under  normal 
flight  conditions,  is  15  per  cent,  higher  than  the  static  r.p.m.  at 
the  same  horse-power,  we  may  assume  as  a  general  rule  that  the 
variation  in  working  limits  of  manufacture  of  the  blade  dimen- 
sions is  sufficient  to  vary  the  maximum  r.p.m.  in  flight  by  about 
2*5  per  cent,  above  or  below  the  normal  r.p.m.  This  variation 
is  not  sufficient  to  affect  the  airscrew  performance  appreciably, 
and  is  not  as  great  as  the  possible  variation  due  to  the  different 
values  of  b.h.p.  obtained  from  similar  engines. 

Vibration. — Most  of  the  defects  in  propeller  design  and 
construction  are  revealed  by  excessive  vibration  and  tip  flutter, 
and  the  spinning  tests  are  sufficiently  analogous  to  the  actual 
flight  conditions  to  enable  investigations  to  be  made  of  the  effect 
of  design  and  manufacturing  faults  upon  the  airscrew  vibration. 
The  effect  of  structural  defects  has  been  discussed,  and  generally 
the  vibration  due  to  these  results  from  distortion  under  the 
aerodynamic  load  varying  throughout  the  blade,  being  appreci- 
ably great  at  the  weak  points  in  the  structure,  and  generally 
recognised  by  its  producing  permanent  set  or  failure  at  these 
points. 

The  vibration  due  to  the  variation  of  the  propeller  dimensions 
within  working  limits  can  become  serious  on  high-speed  pro- 
pellers. In  the  case  of  the  opposite  blades  of  a  propeller  being 
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made  to  the  upper  and  lower  limits  respectively,  and  in  perfect 
static  balance,  the  power  absorbed  by  each  of  the  blades  may 
differ  by  6  per  cent,  of  the  total  power  absorbed,  resulting  in  an 
uneven  torque  ;  and  where  the  propeller  is  considerably  over- 
hung from  the  crank-shaft  bearing,  this  will  produce  vibration  in 
a  fore-and-aft  direction,  causing  whip  rather  than  twist.  More 
serious  vibration  is  caused  when  the  sections  of  the  blade  have 
been  modified  as  aerofoil  sections  by  the  removal  of  timber  from 
the  blade  face  to  obtain  static  balance.  The  slightly  convex  or 
concave  under-surface  which  may  thus  be  caused  is  sufficient  to 
completely  alter  the  aerofoil  characteristics  of  the  sections,  and 
cause  vibration  and  whip  in  the  fore-and-aft  direction  as  well  as 
twist  due  to  the  variation  of  the  centre-of-pressure  position. 
The  effect  of  such  modification  upon  the  aerodynamic  balance  is 
more  serious  than  that  of  the  static  out  of  balance  couple  cor- 
rected, and  it  is  probable  that  the  old  method  of  plugging  the 
boss  with  lead  is  preferable  to  removing  timber  from  the  under- 
surface  to  obtain  static  balance.  Tests  go  to  show,  however,  that 
the  contour  of  the  round  side  from  the  point  of  maximum  thick- 
ness to  the  trailing  edge  has  little  effect  upon  the  aerofoil 
characteristics,  and  timber  may  be  removed  from  this  portion  of 
the  blade  to  obtain  static  balance  without  causing  vibration  due 
to  bad  aerodynamic  balance.  From  these  considerations,  by  the 
observation  of  the  spinning  tests  in  conjunction  with  the  blade 
proportions  and  appearance  after  tests,  the  cause  of  the  excessive 
vibration  can  be  traced  to  structural  weakness  or  to  errors  in 
workmanship. 

Vibration  which  cannot  be  traced  to  either  of  these  causes 
may  be  due  to  the  spinning  plant  or  the  propeller  boss  connec- 
tion, or  may  be  inherent  in  the  design  of  the  propeller. 

Propeller  Defects  under  Service  Conditions. — Defects  in 
design  and  construction  which  cause  only  moderate  vibration 
when  spun  in  a  static  test,  may  prove  very  serious  under  service 
conditions,  as  the  effect  of  interference  in  the  ideal  air  flow  round 
the  propeller  which  may  be  caused  by  side  winds,  obstructions 
in  the  slip  stream,  and  the  ordinary  manoeuvring  of  the  machine 
will  accentuate  the  vibration  and  distortion.  The  effect  of  such 
propeller  defects  on  the  machine  is  to  reduce  the  controllability 
and  stability,  and  the  vibration  is  transmitted  through  to  the 
controls,  making  the  machine  uncomfortable  to  fly.  Any  pro- 
peller vibration  due  to  these  defects  causes  fluctuation  in  the 
demands  on  the  engine  output,  and  this  considerably  reduces 
the  life  of  the  engine. 

Propellers   designed   to   give   considerable   flexibility  under 
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flight  loads,  as  in  most  French  designs,  generally  fail  more 
rapidly  than  the  relatively  rigid  types,  as  the  continuous  flutter 
and  twist  ultimately  causes  fatigue  of  the  timber  and  glued 
joints.  Also,  the  propellers  constructed  on  the  laminated 
principle  can  never  be  truly  homogeneous,  and  flexible  pro- 
pellers, which  are  generally  very  light  towards  the  tip  sections, 
may  twist  in  opposite  directions  on  opposite  blades.  As  this 
twist  may  amount  to  5°  at  the  tip  sections,  it  is  sufficient  to 
cause  fluctuation  in  the  engine  speed.  At  the  same  time,  these 
propellers  are  relatively  lighter  than  the  rigid  type,  while  their 
flexibility  enables  them  to  respond  to  the  fluctuations  in  engine 
torque  more  rapidly,  and  for  this  reason  they  are  probably  more 
suitable  for  eight-cylinder  engines  with  their  uneven  torque. 
These  flexible  propellers  are  usually  constructed  with  the  leading 
edge  either  straight  in  side  elevation  or  thrown  slightly  forward 
to  reduce  the  bending  stresses  at  the  root  of  the  blade,  and 
generally  fail  by  '  creeping  '  of  the  leading-edge  lamination  or  by 
the  blades  breaking  off  near  the  boss. 

In  the  more  rigid  type  of  propeller  chiefly  used  on  English 
machines,  the  blade  is  made  thicker  throughout  its  length,  and 
generally  with  the  trailing  edge  either  straight  or  thrown  forward 
slightly,  so  that  the  blade  is  symmetrical  in  side  elevation.  With 
this  construction  the  blade  should  not  twist  or  whip  in  flight, 
certainly  not  more  than  i|  degrees  at  the  tip  or  more  than 
2  mms.  in  side  elevation,  as  flexure  generally  results  in  splitting 
of  the  trailing  edge.  With  this  type  of  blade  in  service,  it  is 
often  found  to  give  excessive  vibration  at  speeds  slightly  below 
the  normal  r.p.m.  for  which  it  is  designed,  and  to  run  perfectly 
steadily  at  speeds  above  this  to  well  above  the  maximum 
permissible  speed  of  the  engine.  This  is  not  a  serious  matter  in 
machines  designed  to  operate  at  full  power,  but  in  the  case  of 
machines  designed  to  cruise  at  economical  speeds,  with  a  reserve 
of  power  for  emergencies,  this  lower  vibration  speed  should  be 
below  the  normal  cruising  r.p.m.  This  type  of  propeller  generally 
fails  by  splitting  along  the  trailing  edge,  and  its  life  is  affected 
to  a  large  extent  by  interference  with  air  flow,  owing  to  its 
semi-rigidity. 

When  propellers  of  this  type  are  fitted  to  engines  giving 
uneven  torque,  as  is  the  case  with  eight-cylinder  V-type  engines, 
the  vibration  set  up  frequently  causes  frictional  heat  to  be 
generated  at  the  boss,  and  in  a  good  many  instances  this  has 
been  sufficient  to  char  the  propeller  boss  completely,  resulting  in 
failure  at  the  lamination  joints. 

Comparison  of  Flexible   and    Semi-rigid   Types. — From 
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the  point  of  view  of  aerodynamic  efficiency,  the  flexible  French 
type  of  propeller,  with  its  thin  sections,  should  be  more  efficient 
than  the  semi-rigid  English  type,  and  wind-tunnel  experiments 
tend  to  prove  this  to  be  the  case.  In  machines  exactly  similar, 
the  English  type  generally  gives  a  better  performance,  both  in 
top  speed  and  rate  of  climb,  than  the  French  type,  and  this  is 
probably  due  to  the  effect  of  interference  in  the  air  stream  upon 
the  twist  and,  consequently,  the  efficiency  of  the  flexible  blade. 
The  flexible  propeller  is  generally  much  lighter  than  the  semi- 
rigid type,  the  weight  of  a  normal  type  of  blade  9  feet  in 
diameter  and  absorbing  250  horse-power  at  1200  r.p.m.  being 
about  27  Ibs.  for  the  semi-rigid  type  and  about  18-20  Ibs.  for  the 
French  type,  while,  with  the  present  conditions  of  manufacture, 
it  is  possible  to  construct  a  French  propeller  for  about  two-thirds 
the  cost  of  the  corresponding  English  propeller. 

The  Effect  of  Metal  tipping  upon  the  running. — The 
chief  effect  of  the  metal  tip  is  to  increase  the  centrifugal  forces 
throughout  the  blade,  and  these  should  be  allowed  for  in  design. 
The  metal  also  increases  the  blade  thickness  at  the  tip,  with  a 
consequent  slight  increase  in  the  power  absorbed  and  a  slight 
loss  in  efficiency.  This  is  much  more  noticeable  with  the  flexible 
type  of  propeller,  and  generally  this  type  is  unsuited  for  metal 
tipping,  as  the  thin  tip  sections  do  not  afford  sufficient  material 
to  hold  the  screws  securely,  and  also  the  tips  being  much  more 
rigid  than  the  rest  of  the  blade,  the  tips  quickly  fail  under  the 
conditions  of  flexure.  This  latter  fault  can  be  avoided  to  some 
extent  by  making  the  tips  in  several  pieces,  but  this  is  only  a 
compromise  and  not  at  all  satisfactory.  With  the  semi-rigid 
type  of  blade  the  tip  can  be  applied  so  that  it  actually  increases 
the  structural  strength  of  the  blade,  and  with  this  type,  if  the 
metal  tipping  is  properly  fixed,  it  has  no  bad  effect  upon  the 
running. 

The  Propeller  Boss  fitting. — As  shown  in  Fig.  52  the 
propeller  is  usually  fixed 'to  the  engine  shaft  by  means  of  a  loose 
coupling  consisting  essentially  of  two  plates,  one  of  which  is  fitted 
with  a  spigot  and  fixes  to  the  engine  shaft,  while  the  other  plate 
is  a  push-fit  on  the  spigot,  and  the  propeller  is  bolted  between 
these  plates.  The  hole  in  the  propeller  boss  is  a  good  fit  on  the 
spigot,  and  this  ensures  the  blade  being  normal  to  the  axis  of 
rotation.  The  actual  driving  torque  of  the  engine  is  not  trans- 
mitted to  the  propeller  by  shear  through  the  hub  bolts,  the  hub 
being  designed  so  that  the  force  exerted  upon  the  propeller  boss 
faces  by  the  coupling  plates  is  sufficient  to  give  a  good  friction 
drive.  For  this  to  be  realised  the  bolts  passing  through  the  hub 
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must  be  sufficiently  tightened-up,  and  it  is  usual  to  have  shallow 
circular  serrations  in  the  face  of  each  coupling  plate  to  increase 
the  driving  surface.  If  the  bolts  are  not  properly  tightened  up, 
or  if  the  propeller  boss  faces  are  not  perfectly  normal  to  the 
centre  bore,  the  drive  will  be  transmitted  by  shear  through  the 
bolts.  This  generally  results  in  the  holes  being  drawn  in  the 
direction  of  rotation  owing  to  the  relative  softness  of  the  timber, 
and  causes  vibration  and  flutter  in  the  plane  of  rotation,  with 
serious  effect  upon  the  life  of  the  engine  and  propeller.  Hence, 
if  the  propeller  is  correctly  attached  to  the  engine  coupling,  the 
accuracy  of  the  centre  bore  and  the  boss  faces  are  of  the  utmost 
importance  in  determining  the  steadiness  of  running,  but  any 
slight  errors  in  drilling  the  bolt-holes  have  little  effect.  It  is 
imperative,  however,  that  the  bolts  are  securely  tightened  up  and 
the  nuts  secured  by  split  pins,  or  by  a  plate  with  hexagonal  holes 
for  the  nuts,  as  many  instances  of  propeller  failure  have  been 
traced  to  this  cause,  while  propellers  have  run  satisfactorily  for 
months  with  large  clearance  between  the  bolts  and  the  holes  in 
the  propeller  boss. 

Propeller  Performance  Tests  on  Service  Machines. — 
The  final  test  of  the  suitability  of  a  particular  propeller  for  a 
particular  machine  consists  of  performance  tests  on  the  machine 
under  service  flight  conditions,  as  experimental  wind-tunnel 
tests  are  generally  not  a  good  guide.  The  particular  form  of 
test  depends  upon  the  special  machine  requirements,  but  in  the 
case  of  machines  which  are  required  to  give  the  best  compromise 
between  speed  and  climb  when  carrying  a  certain  load,  as  in  the 
case  of  most  military  types,  the  following  form  of  test  is  generally 
carried  out. 

For  the  Speed  Test  the  machine  is  flown  at  full  throttle 
with  the  altitude  maintained  constant  by  observation  of  the 
barograph,  and  the  speed  is  registered  either  by  estimation  of 
the  time  taken  to  pass  between  two  points  vertically  above 
observation  points  on  the  ground  a  known  distance  apart,  or  by 
the  readings  of  the  air-speed  indicator.  The  former  method  is 
now  only  used  for  the  calibration  of  air-speed  instruments,  and 
for  practical  test  purposes  the  speeds  are  observed  from  the 
readings  of  an  air-speed  indicator,  generally  of  the  pressure-head 
type.  This  type  of  indicator  gives  only  comparative  readings, 
and  these  must  be  corrected  for  the  effects  of  air  density  and 
the  zero  error  of  the  instrument,  generally  being  reduced  to  the 
equivalent  air  speed  at  an  air  density  corresponding  to  9°  C.  and 
a  pressure  equivalent  to  760  mms.  of  mercury. 

The  maximum  speed  is  generally  measured  at  several  heights, 


*  so 
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varying  from  ground  level  to  the  maximum  altitude  obtainable, 
and  these  are  all  reduced  to  standard  conditions  of  temperature 
and  pressure.  It  is  generally  found  that  the  speed  decreases 
with  an  increase  of  altitude,  and  that  the  engine  speed  also]! 
decreases. 


200      400       &OO      800       1000     /SOO 
AP/B     of  Climb  in   FeefJxr  Min. 

j  if 

FIG.  71. — Typical  Propeller  Performance  Curves. 

Rate  of  Climb  Test.  For  this  test  the  machine  should  be 
set  to  climb  steadily  at  its  best  climbing  speed  to  the  highest 
altitude  obtainable,  and  at  altitudes  differing  by  about  1000  feet 
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simultaneous  readings  of  the  altitude,  time  from  commencement 
of  climb,  and  air  speed  should  be  taken.  It  is  generally  possible 
to  obtain  the  air  speed  corresponding  to  the  maximum  climbing 
speed  from  considerations  of  performance  calculations,  but  it  is 
advisable  to  carry  out  tests  at  speeds  slightly  above  and  below 
this  value  for  the  purposes  of  comparison.  The  rate  of  climb 
obtained  depends  largely  upon  the  skill  of  the  pilot,  and  any 
shortcomings  in  this  respect  can  be  revealed  by  the  rate  of 
climb  curve.  This  is  constructed  by  plotting  the  rate  of  climb 
between  successive  altitude  readings  as  abscissae,  with  the  mean 
altitude  as  abscissa,  and  in  the  case  of  a  good  climb  this  will  be 
a  smooth  curve,  the  presence  of  irregularities  in  the  contour 
being  due  to  falling  off  of  air  speed,  resulting  in  '  zooming  '  and 
4  stalling.' 

From  the  readings  obtained  the  curves  shown  in  Fig.  71  can 
be  plotted,  and  these  are  sufficient  to  determine  the  suitability 
of  the  propeller  for  the  desired  perfprmance.  For  the  curves 
obtained  in  Fig.  71  the  machine  particulars  are  as  follows  : — 

Weight  of  Machine  =  1515  Ibs. 

Type  of  Engine  :  Air  cooled  Rotary. 

Normal  B.H.P.  and  r.p.m.  =  150  H.P.  at  1250  r.p.m. 

Maximum  B.H.P.  and  r.p.m    =  156  H.P.  at  1300  r.p.m. 

Diameter  of  Propeller  =  2635  mms. 

Face  Pitch  (constant  throughout  effective  portion)  —  2500  mms. 

Maximum  Blade  Width  —  230  mms. 

Scale  Blade  Widths  correspond  to  Type  2,  Fig.  17. 

No.  of  Blades  -  Two. 

Type  of  Propeller  :  Tractor. 

Diameter  of  Fuselage  =  1000  mms.  (maximum). 


CHAPTER   XVII. 

SPECIAL  METHODS  OF  CONSTRUCTION. 

Laminated  Propellers  with  jointed  Laminations. — 
Owing  to  the  scarcity  of  suitable  hard  woods  for  propeller  con- 
struction during  the  war  period,  to  use  up  timber  in  planks  not 
sufficiently  large  to  yield  complete  laminations,  certain  methods 
of  jointing  laminations  were  investigated.  The  most  popular 
form  of  joint  was  the  Cleaver  Construction,  in  which  the 
lamination  board  was  made  up  of  two  boards  glued  together 
edgewise,  the  line  of  the  joint  passing  through  the  centre  of  the 
boss,  and  the  length  of  the  joint  being  at  least  27  inches  for  a 
full-length  lamination.  This  form  of  joint  gives  a  perfectly 
satisfactory  lamination  from  a  strength  standpoint,  but  the 
result  of  tests  on  propellers  built  up  of  a  number  of  laminations, 
each  composed  of  a  large  number  of  small  pieces  of  timber,  tend 
to  show  that  almost  any  form  of  joint  may  be  used  in  a  lamina- 
tion to  give  the  same  strength  as  the  one-piece  board.  At  the 
same  time,  these  jointed  laminations  give  considerable  trouble  in 
manufacture,  with  the  necessity  of  careful  grading  to  preserve 
static  balance  in  the  propeller  and  to  prevent  vibration,  due  to 
the  varying  physical  properties,  when  in  use  ;  and  since  the  cost 
of  manufacture  is  increased  by  these  joints,  the  use  of  jointed 
laminations  is  only  justifiable  with  a  timber  shortage,  or  in  large, 
slow-speed,  and  lightly  stressed  propellers,  where  the  laminations 
required  would  be  unduly  large. 

Plyboard  Propellers. — These  propellers  are  constructed  on 
the  laminated  principle,  and  have  been  chiefly  investigated  and 
experimented  with  by  French  constructors. 

In  the  Yaleri  System  the  propeller  block  is  built  up  of 
thin  veneers  each  2  mms.  in  thickness,  and  arranged  so  that  each 
alternate  lamination  or  ply  has  its  grain  following  the  length  of 
the  blade,  with  laminations  on  either  side  having  their  lines  of 
grain  at  right  angles  to  each  other,  and  at  45°  to  the  length  of 
the  blade.  With  this  system  the  bulk  of  the  blade  can  be 
constructed  of  almost  any  timber  (except  elm,  which  shrinks 
excessively),  with  only  the  outside  laminations  of  hardwood,  and 
as  the  veneer  may  be  knife  cut,  a  great  economy  of  timber  is 
effected.  The  glue  used  is  as  generally  adopted  for  propeller 
construction,  and  when  glued  up  in  suitable  presses  the  block 
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can  be  made  within  narrow  limits  of  the  finished  size,  lessening 
the  time  for  shaping.  This  type  of  blade  gives  excellent  results 
in  service,  and  tends  to  reduce  the  tendency  to  failure  due  to 
tip  splitting. 

In  the  De  la  Grandville  type  the  laminations  are  of 
hardwood  7  mms.  thick,  and  are  glued  together  in  a  matrice  or 
shaping  press,  which  shapes  the  whole  blade  to  the  required 
finished  contour  within  close  limits.  In  gluing  up  it  is  usual  to 
glue  layers  of  fabric  between  the  laminations,  and  to  glue  hard- 
wood packing  pieces  on  the  boss  to  make  up  the  required 
thickness.  After  gluing  up,  the  blade  is  hand-shaped  to  finished 
dimensions  in  the  usual  manner.  This  form  of  airscrew  is 
satisfactory  in  service,  but  has  a  tendency  to  lose  pitch,  this 
being  reduced  if  a  pigskin  tip  is  fitted. 

Various  forms  of  ply-board  blades  have  been  experimented 
with,  in  which  the  blades  are  carved  from  ply-boards  locked 
together  at  the  boss,  and  with  filling  pieces  of  hardwood  glued 
on  to  make  up  the  boss  and  root  portion.  The  use  of  ply- 
boards  certainly  reduces  tip-splitting,  but  the  glued  joints  are 
unreliable  and  the  blades  twist  and  lose  pitch  in  service. 

Special  Types  of  Four-bladed  Propeller. — The  four- 
bladed  propeller  has  some  advantage  over  the  two-blader  in  the 
matter  of  reduced  diameter  and  steadiness  of  running,  but  is 
very  bulky,  and  difficult  to  store  without  damage.  To  over- 
come this  difficulty,  some  four-bladers  are  formed  of  two 
two-bladers  at  right  angles,  the  blades  as  a  whole  being  half- 
lapped  at  the  boss,  so  that  the  depth  of  the  two  together  is 
equal  to  the  normal  boss  thickness,  and  the  track  of  all  four 
blades  is  identical.  Four-bladers  have  also  been  constructed 
with  the  four  blades  separate  and  fitting  together  at  the  boss, 
being  held  by  a  steel  ring  and  bolts,  the  bolts  being  radial, 
midway  between  the  blades  and  screwing  into  the  steel  ring. 

Corrugated  Propellers. — With  the  increased  use  of  very 
high-speed  engines  and  ungeared  propeller  drive,  the  tip  velocity 
of  many  propeller  types  is  in  the  neighbourhood  of  900  ft./sec. 
when  most  of  the  flow  at  the  airscrew  disc  is  radial.  To  reduce 
this  radial  flow  it  has  been  suggested  that  the  blades  be  con- 
structed with  corrugations  running  across  the  blade.  This  type 
of  construction  would  increase  the  cost  of  manufacture,  but  it  is 
possible  that  it  will  render  possible  the  use  of  propellers  of 
smaller  diameter  and  greater  blade  width  with  increased 
efficiency,  as  it  has  done  with  marine  propellers. 

Metal   Propellers. — Many  types   of  metal   propeller   have 
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been  proposed,  and  one  or  two  metal  propellers  have  been 
tested  under  service  conditions  with  fairly  satisfactory  results, 
but,  generally  there  is  no  successful  metal  propeller  in  existence. 
Many  advantages  are  claimed  for  metal  propellers,  chiefly  based 
on  the  fact  that  metal  is  homogeneous  and  but  slightly  affected 
by  atmospheric  conditions,  while  the  timber  propeller  will  vary 
both  its  aerodynamic  and  structural  properties  under  the  influ- 
ence of  changeable  atmospheric  conditions.  At  the  same  time, 
in  moderate  climates,  timber  propellers,  carefully  constructed 
under  standard  methods,  will  give  satisfactory  service  under  all 
conditions  for  over  two  years  without  loss  of  pitch,  and  generally 
outlast  the  aeroplane  and  engine  to  which  they  are  fitted. 

The  two  chief  difficulties  encountered  in  the  production  of 
metal  propellers  are  (i)  the  requirements  of  detail  design,  to 
ensure  the  production  of  metal  propellers  accurate  to  the 
required  dimensions,  comparable  in  weight  to  timber  propellers 
giving  the  same  performance,  and  sufficiently  strong  to  withstand 
the  stresses  of  flight  conditions  ;  and  (2)  the  rigid  nature  of 
metal  structure,  which  will  not  permit  the  flexibility  obtained 
with  a  timber  propeller. 

The  first  difficulty  can  doubtless  be  overcome  by  experience 
and  improved  methods  of  construction,  with  the  use  of  jigs  to 
ensure  accuracy. 

The  present  types  of  metal  propeller  consist  of:— 
i.  Propellers  in  which  the  pitch  face  and  round  sides  are  formed 
of  two  pressings  from  light  plate,  stiffness  being  provided  by  an 
internal  bracing  system,  and  the  edges  being  welded  together. 

2.  Propellers  built  up  of  flat-box    members  comparable  to 
laminations  in  shape,  and  welded  together,  the  sections  of  each 
lamination  being  such  that  the  resulting  structure  gives  a  smooth 
contour  with  the  desired  dimensions. 

3.  Propellers  constructed  of    light  metal,    such   as    '  Dur- 
alumin,' and   cast  solid.     As  the  weight  of  duralumin  is  only 
about  four  times  that  of  hardwood,  while  it  is  about  six  or  seven 
times  as  strong  in  compression,  by  using  a  specially  designed 
boss  coupling  it  is  possible  to  construct  a  '  Duralumin '  pro- 
peller which  will  be  about  twice  the  weight  of  the  corresponding 
timber  propeller,  and  possess   a   certain   amount   of  flexibility 
with  more  efficient  sections,  and  this  would  possibly  prove  an 
efficient  type  for  very  high-speed  engines. 

At  the  present  time  it  would  appear  that  the  timber  pro- 
peller possesses  many  advantages  over  the  metal  variety,  and 
that  the  latter  will  only  become  important  when  standardisation 
of  engines  and  machines  will  reduce  the  number  of  propeller 
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types  required  sufficiently  to  warrant  the  use  of  special  jigs  and 
tools  for  each  type. 

Adjustable  Propellers. — There  is  at  present  no  efficient 
type  of  the  variable  pitch  propeller  or  variable  diameter  pro- 
peller in  existence. 

The  Variable  Pitch  Propeller  has  received  most  atten- 
tion from  experimenters,  but  almost  all  types  merely  consist 
of  blades  capable  of  being  rotated  as  a  whole,  either  by 
the  pilot  or  by  centrifugal  action.  The  increase  in  efficiency 
thus  obtained  is  not  sufficient  to  warrant  the  increased  weight 
and  complication  of  the  gear.  In  addition,  most  of  the  types 
patented  involve  a  large  number  of  working  parts  in  the  boss,, 
each  with  a  certain  degree  of  freedom  and  backlash,  which 
together  result  in  serious  twist  and  vibration  at  the  blade  tips. 

The  Variable  Diameter  Type  has  not  received  so  much 
attention,  and  while  it  does  not  give  the  same  increase  of 
efficiency  as  the  variable  pitch  type,  the  detail  design  is  much 
simpler,  with  fewer  working  parts.  The  fundamental  design 
consists  of  a  metal  sheath  fitting  over  the  wooden  blade  and 
capable  of  sliding  outwards  along  the  blade  radius,  the  move- 
ment being  controlled  by  a  spring  and  the  centrifugal  action  of 
the  tip,  so  that  the  propeller  revolutions  remain  approximately 
constant. 

Possible    Developments    in     Propeller    Construction. — 

With  the  normal  type  of  blade  at  present  in  use,  the  efficiency 
realised  varies  between  75  per  cent,  and  85  per  cent.,  and  this  is 
unlikely  to  be  increased  appreciably  by  any  refinements  in 
design  and  construction.  At  the  same  time  the  falling  off  in 
efficiency  under  varying  flight  conditions  is  a  serious  disad- 
vantage, and  this  feature  could  be  improved  by  improvements 
in  detail  design. 

For  machines  whose  particular  requirement  is  very  high 
speed,  and  where  expense  of  running  and  useful  load  carried  are 
not  of  primary  importance,  it  is  probable  that  most  flying  will 
be  carried  out  at  high  altitudes  (up  to  30,000  feet),  where  the 
engines  will  be  fitted  with  supercharging  devices  to  maintain  full 
power,  and  the  decreased  air  density  will  reduce  the  resistance. 
With  this  type  of  machine  speeds  of  250  m.p.h.  should  be 
obtained,  and  to  obtain  maximum  efficiency  at  these  speeds, 
with  good  efficiency  at  climbing  speeds  at  low  altitudes,  special 
propeller  types  will  be  required. 

As  machines  for  this  service  will  generally  be  small  single- 
seaters,  small  diameter  propellers  will  be  advisable,  and  it  would 
appear  that  the  engines  of  very  high  speed  should  be  used  with . 


256  A  TREATISE  ON  AIRSCREWS 

a  suitable  variable  gear  (which  could  be  made  light  and  compact 
owing  to  the  high  speed  and  low  torque),  giving  a  range  of 
propeller  speeds  from  1200  r.p.m.  when  climbing  at  80  m.p.h.  to 
3000  r.p.m.  at  top  speed,  the  propellers  being  cast  from  a 
suitable  light  alloy  with  corrugated  blades  to  reduce  radial  flow, 
and  fitted  with  an  adjustable  diameter  device.  With  this 
system  of  propulsion  the  engine  speed  should  be  maintained 
.approximately  constant,  the  gear  ratio  being  adjusted  to  give 
the  suitable  propeller  speed  corresponding  to  the  face  pitch  and 
the  machine  speed,  and  the  variable  diameter  device  being  used 
to  absorb  the  engine  power  developed.  With  this  device  the 
propulsive  efficiency  could  be  maintained  at  or  above  75  per  cent, 
under  all  flight  conditions,  without  a  large  addition  of  weight. 

For  heavy  commercial  aeroplanes  and  airships,  where  speed 
is  not  such  an  important  feature  as  weight-lifting  capacity  and 
running  costs,  the  initial  cost  and  relatively  small  gain  in 
efficiency  for  the  increased  complication  would  militate  against 
the  use  of  variable  pitch  propellers  or  metal  propellers,  and 
laminated  propellers  of  the  usual  type  could  be  used  of  large 
diameter  and  slow  running,  constructed  of  soft  woods  or  the  less 
expensive  hardwoods,  with  a  suitable  protective  covering. 

For  very  cheap  low-powered  machines,  used  for  short  flights 
and  training  purposes,  where  the  matter  of  initial  cost  is  of  some 
importance,  and  where  the  life  of  the  machine  and  propeller  is 
determined  by  accidental  damage  rather  than  material  deteriora- 
tion, the  type  of  propeller  introduced  by  Germany  during  the 
war  period  may  be  extensively  used.  These  are  made  of  soft 
grey  stone,  moulded  into  shape  by  dies  while  moist,  and  allowed 
to  set.  These  propellers  are  heavy  and  not  strong,  but  are 
fairly  efficient  and  suitable  for  low-powered  engines  in  machines 
of  low  performance. 
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PROPELLER  PERFORMANCE. 


Type  of  Machine  :  Single-engined  flying  boat. 
Weight  in  Flying  Trim  :  2800  Ibs. 
Type  of  Engine  :  Six-cylinder  vertical  water-cooled. 
Engine  Particulars — 

Maximum  output:  190  b.h.p.  at  1450  r.p.m.  (for  short  periods 
only). 

Normal  output  :  180  b.h.p.  at  1350  r.p.m. 

Gear  ratio  :  Direct  drive. 
Type  of  Airscrew  :  Pusher.     Four-bladed. 
Shape  of  Airscrew  Blade— 

(a)  Trailing  edge  straight  in  plan  form. 

(b}  Blade  symmetrical  in  side  elevation. 
Blade  Dimensions — 

Diameter  =  2350.  Mean  face  pitch  =  1805. 


Section  radius 
mm. 

Blade  width 
mm. 

Section  camber 

Blade  angle 

Upper  mm. 

Lower  mm. 

I76 

171 

72 

-23 

38°  10' 

352 

2IO 

60 

-H-S 

3l045' 

528 

257 

50 

-    4'5 

27°  o' 

705 

285 

40 

— 

22°    10' 

88  1 

276 

31 

— 

i8°3' 

1057 

204 

20 

— 

15°  10' 

1116 

152 

16 

— 

14°  30' 

Performance  at  500  ft.  altitude  — 
Maximum  flying  speed  =  80  m.p.h. 
Cruising  speed  (f  throttle)  =  72  m.p.h. 
Best  climbing  speed  =  50  m.p.h. 


Engine  speed  with  static  thrust  =  1260  r.p.m. 


Engine  r.p  m.  :  1455. 
Engine  r.p.m.  :  1330. 
Engine  r.p.m.  :  1300. 
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Remarks. — With  this  propeller  there  is  considerable  interference 
due  to  the  restricted  diameter  and  the  presence  of  the  engine,  main 
planes,  and  stabilising  fins  immediately  in  front  of  the  airscrew,  which 
considerably  reduces  the  power  absorbed  by  the  propeller. 


Type  of  Machine  :  Single-seater  biplane. 
Weight  in  Flying  Trim  :  1510  Ibs. 
Type  of  Engine  :  Air-cooled  rotary. 
Engine  Particulars — 

Maximum  output :  156  h.p.  at  1300  r.p.m. 

Normal  output :   154  h.p.  at  1250  r.p.m. 

Gear  ratio  :  Direct  drive. 
Type  of  Airscrew  :  Tractor.     Two-bladed. 
Shape  of  Airscrew  Blade — 

(a)  Blade  symmetrical  in  plan  form. 

(b)  Blade  symmetrical  in  side  elevation. 
Blade  Dimensions — 

Diameter  =  2590  mm.  Mean  face  pitch  =  2340  mm. 


Section  camber 

Section  radius 
mm 

Blade  width 

Blade  angles 

Upper  mm. 

Lower  mm. 

194 

181 

65 

-  2O 

51°  20' 

388' 

212 

52 

-6'5 

39°  °' 

582 

243 

46-5 

0 

30°  21' 

777 

27^5 

39 

3 

24*  44' 

97  i 

271'5 

31 

3*5 

20°  58' 

1165 

228'O 

24'5 

3 

18°  25' 

1230 

206  -o 

20-5 

2'5 

17°    12 

Performance — 


Altitude 
ft. 

Maximum 
speed  m.p.h. 

R.P.M. 

Time  of 
climb 

Best  climbing 
speed  m.p.h. 

R.P.M.  at 
climbingspeed 

o 

130 

1340 

mins.  sees. 
O 

60 

H95 

3,000 

126 

!325 

2     15 

— 

— 

6,000 

122 

1300 

5   5 

64 

1160 

10,000 

Il8-5 

I275 

9   3° 

66 

1150 

12,000 

"5 

1245 

13  o 

68 

1130 

15,000 

in 

1  200 

19   o 

— 

I  IOO 

Engine  r.p.m.  with  static  thrust  =  1145. 
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3 

Type  of  Machine  :  Single-seater  biplane. 

Weight  in  Flying  Trim :  2300  Ibs. 

Type  of  Engine  :  Eight-cylinder  v  water-cooled. 

Engine  Particulars — 

Maximum  output :  310  h.p.  at  1900  r.p.m. 
Normal  output :  302  h.p.  at  1800  r.p.m. 
Gear  ratio :  Direct  drive. 

Type  of  Airscrew:  Tractor  two-bladed. 

Shape  of  Airscrew  Blade — 

(a)  Trailing  edge  straight  in  plan  form. 
(/)  Blade  symmetrical  in  side  elevation. 

Blade  Dimensions — 

Diameter  =  2690  mm.  Mean  face  pitch  =  2000  mm. 


Section  camber 

Section  radius 
mm. 

Blade  width 
mm. 

Blade  angle 

Upper  mm. 

Lower  mm. 

2O2 

202-5 

75 

-28 

38°  15' 

404 

2I5 

60 

-  II 

34°  l6' 

606 

220 

-45 

-4 

26°  28' 

808 

212-5 

34 

— 

21    45 

1009 

190 

23 

— 

18°  10' 

1211 

147 

16 

— 

15   40 

1278 

122 

12-5 

— 

14°  40' 

Performance — 


Altitude 
ft. 

Maximum 
speed  m.  p.h. 

R.P.M. 

Time  of 
climb 

Best  climbing 
speed  m.p.h. 

R.P.M.  at 
climbing  speed 

0 

H5 

1880 

niins.    sees. 
0 

78 

_ 

2,000 

145 

1880 

i    5 

78 

i635 

5,000 

1870 

3   ® 

80 

1625 

10,000 

142-5 

1850 

6   40 

82 

1610 

13,000 

!39'5 

1820 

9   3° 

82-5 

1600 

15,000 

136-5 

1795 

ii    45 

83-5 

1595 

20,000 

131-5 

1750 

19   40 

83-5 

157° 

24,000 

126 

1700 

32   40 

85-0 

1550 

27,000 

— 

— 

58   o 

— 

— 

Engine  r.p.m.  with  static  thrust  =  1600. 
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Type  of  Machine  :  Large  single-engine  biplane. 

Weight  in  Flying  Trim  :  6000  Ibs. 

Type  of  Engine  :  Twelve-cylinder  V  water  cooled. 

Engine  Particulars- 
Maximum  output:  340  h.p.  at  1900  r.p.m. 
Normal  output :  335  h.p.  at  1800  r.p.m. 
Gear  ratio  =  Engine  r.p.m.  :  Airscrew  r.p.m. :  :  i  :  -6. 
Engine  output  measured  at  airscrew  shaft. 

Type  of  Airscrew  :  Tractor.     Two-bladed. 
Shape  of  Airscrew  Blade — 

(a)  Trailing  edge  straight  in  plan  form. 

(b}  Blade  symmetrical  in  side  elevation. 

Blade  Dimensions — 

Diameter  =  3400  mm.  Mean  face  pitch  =  3520  mm. 


Section  camber 

Section  radius 
mm. 

Blade  width 
mm. 

' 

Blade  angle 

Upper  mm. 

Lower  mm. 

255 

240 

85 

-19*5 

45°  o' 

510 

242-5 

65 

-I2'5 

38°  55' 

765 

244 

52 

-6 

34°  o 

IO20 

231'5 

35  '5 

— 

28°  o' 

1275 

198 

28 

— 

23    3° 

!530 

IS1         . 

18 

— 

20°  12' 

1615 

I30 

J4 

— 

19°  1  8' 

Performance — 


Altitude,  feet. 

Maximum  speed  m.p.h. 

Engine  r.p.m. 

O 

109 

I850 

2OOO 

109 

1860 

3OOO 

107 

1860 

4OOO 

'°5 

1845 

5000 

104 

1830 

Engine  r.p.m.  with  static  thrust  =  1700. 

Cruising  at  f  throttle  at  2000  feet. 

Engine  r.p.m.  =  1680.  Speed  =  100  m.p.h. 
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5 

Type  of  Machine :  Single-seater  biplane. 
Weight  in  Flying  Trim:  1950  Ibs. 
Type  of  Engine  :  Air-cooled  stationary  radial. 
Engine  Particulars — 

Maximum  output :  350  h.p.  at  1750  r.p.m. 

Normal  output:  320  h.p.  at  1650  r.p.m. 

Gear  ratio  :  Direct  drive. 

Type  of  Airscrew:  Tractor.     Two-bladed. 
Shape  of  Airscrew  Blade — 

(a)  Trailing  edge  straight  in  plan  form. 

(b)  Blade  symmetrical  in  side  elevation. 
Blade  Dimensions — 

Diameter  =  2670  mm.  Mean  .face  pitch  =  2530  mm. 


Section  camber 

Section  radius 
mm. 

Blade  width 

Blade  angle 

Upper  mm. 

Lower  mm. 

2OO 

198 

'  70 

-34 

40°  30' 

4OO 

203-5 

60 

-  1  1 

36°  5°' 

6OO 

208 

43 

-5 

32°  6' 

801 

2OO 

30 

25°  45' 

IOOI 

'73 

22 

— 

21    50' 

I2OI 

130 

H'5 

— 

TQ°    _-' 

l°   55 

1268 

1  08 

II 

— 

J7°  5°' 

Performance 


Altitude 
ft. 

Maximum 
speed  ni.p.h. 

R.P.M. 

Time  of 
climb 

Climbing 
speed  m.p.h. 

R.P.M.  at 
climbing  speed 

0 

162 

1725 

mina.    sees. 
O 

_ 



5,000 

r59 

1710 

2     O 

89 

1500 

10,000 

J55 

1690 

4   3° 

92 

1480 

15,000 

150 

1650 

8   30 

95 

H5° 

20,000 

142 

1600 

15   o 

98 

1400 

Engine  r.p.m.  with  static  thrust  =  1475. 
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Type  of  Machine  :  Single-engine  flying  boat. 

Weight  in  Flying  Trim :  2800  Ibs. 

Type  of  Engine  :  Twelve-cylinder  water-cooled,  Broad  Arrow. 

Engine  Particulars — 

Maximum  output :  500  b.h.p.  at  2200  r.p.m. 

Normal  output :  468  b.h.p.  at  2000  r.p.m. 

Gear  ratio  =  Engine  r.p.m. :  airscrew  r.p.m.  :  :  1*57  :  i. 

Engine  output  measured  at  airscrew  shaft. 
Type  of  Airscrew :  Pusher.     Two-bladed. 
Shape  of  Airscrew  Blade — 

(a)  Trailing  edge  straight  in  plan  form. 

(b}  Trailing  edge  dropped  slightly  in  side  elevation. 
Blade  Dimensions — 

Diameter  =  3100  mm.  Mean  face  pitch  =  3330  mm. 


Section  camber 

Section  radius 

Blade  width 
mm. 

Blade  angle 

Upper  mm. 

Lower  mm. 

232-5 

202-5 

85 

-30 

38°  40' 

465 

2iyo 

63 

36°  40' 

697-5 

242-5 

55 

-5 

34°  3°' 

93° 

252 

41 

4 

29°  o' 

1162-5 

226 

34 

6 

24°  o' 

1395 

183 

24 

5 

21°  o' 

I472-5 

157 

18 

4 

20°  o' 

Performance — 

This  propeller  was  designed  for  racing  at  low  altitudes. 
Top  speed  =  145  m.p.h.     Engine  r.p.m.  =  2150  at  500  feet. 
Engine  r.p.m.  with  static  thrust  =  1900. 

Remarks. — The  concave  undercamber  of  the  effective  portion  of 
the  blade  was  necessary  to  keep  the  engine  r.p.m.  within  safe  limits 
with  the  propeller  diameter  permissible,  resulting  in  a  loss  of  about 
3  per  cent,  in  propulsive  efficiency. 
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[The  following  specifications  are  now  published  by  the  British 
Engineering  Standards  Association  of  28  Victoria  Street,  London, 
S.W.  i,  by  whose  kind  permission  the  abridged  forms  are  given  in  this 
Appendix.] 


AIR  BOARD  SPECIFICATION  FOR 
CASEIN  CEMENT. 

[V.   2.     February  1918].  .  Abridged. 


PART  I.— GENERAL. 

1.  Chief  Constituents. — The  chief  constituents   of  casein 
cements    are   casein,  lime  and    caustic   soda.     The   waterproof 
properties  of  casein  cements  depend  on    the  formation  of  in- 
soluble calcium  caseinate. 

2.  Purity  of  Casein. — The  purity  of  the  casein  is  a  prime 
factor   governing   the  ultimate    strength  of  the  cement.     The 
casein  employed  is  not  to  be  inferior  to  that  known  in  the  trade 
as  '  Fine  Indian  Casein.' 

3.  Specification   for   Casein. — The  casein  is  to  conform  to 
the  following  specification  : — 

(a)  The  fineness  is  to  be  such  that  it  will  pass  readily 
through  a  6o-mesh  sieve. 

(fr)  The  total  acidity,  calculated  as  HC1,  is  not  to  exceed 
i  per  cent. 

(c)  Calcium  acetate,  starch,  or  other  organic  adulterants  are 
to  be  entirely  absent. 

(d}  Fat  is  not  to  exceed  i'5  per  cent. 

(i)  Ash  is  not  to  exceed  3  per  cent. 

(/)  Moisture  is  not  to  exceed  10  per  cent. 

(£•)  Nitrogen  content  (by  Kjeldahl)  is  not  to  be  less  than 
1 1  per  cent. 
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4.  Cement   Formula. — (tf)    Cement    made    in    accordance 
with   the  following  formula,  when  properly  prepared,  has  been 
found  to  yield  consistently  high  tensile  strength  tests  under  the 
procedure  detailed  in  paragraph  13.     The  dry  cement  mixture 
possesses    good  keeping   properties,  and  joints  made  with  the 
cement  stand  up  well  against  tropical  temperatures  and  severe 
water-immersion  tests. 

(#)  Proprietary  or  other  formulae  may  be  used  if  they  are 
approved  by  the  A.I.D.,  and  the  cement  complies  with  clauses 
2,  3,  5,6,7,  13,  H,  15,  16  and  17. 

INGREDIENTS.  COMPOSITION. 

Casein  (see  clause  2)  .75  per  cent,  by  weight,  roo  Ibs. 

Freshly  slaked  lime       .         .   13-5     „  „  18    „ 

Commercial  caustic  soda  (not 

less  than  95  per  cent  purity)     8*2     „  „  1 1     „ 

Commercial  sodium  fluoride  .     2*2     ,,  „  3     „ 

Paraffin  oil,  commercial         .      ri     „  „  ^Pt- 

(c)  The  presence  of  sodium  fluoride  has  been  found  to  aid 
in  securing  uniformity  in  the  behaviour  of  the  cement  under 
various  conditions.  The  function  of  the  paraffin  oil  is  a  purely 
mechanical  one,  tending  to  improve  the  keeping  qualities  of  the 
dry  cement  mixture  by  preventing  the  lime  and  caustic  soda 
absorbing  carbonic  acid  gas. 

PART  II.— MANUFACTURE. 

5.  Freshness  of  Materials. — The  lime  is  to  be  freshly  pre- 
pared.    As  remarked  above,  in  order  to  prevent  the  materials 
carbonating,  a  small  proportion  of  a  suitable  ingredient,  such  as 
paraffin  oil,  is  to  be  added  during  the  grinding  process. 

6.  Order    of     Mixing. — The     lime,    caustic    soda,    sodium 
fluoride  and  paraffin  are  first  to  be  mixed  and  ground  together. 
The    mixture  is  then  to   be  incorporated  and  ground  with  the 
casein    until    a  thorough   and   intimate    mixture  of  all  the  in- 
gredients has  been  obtained. 

7.  Fineness   of  Grinding. — The  dry  cement  is  to  be  in  a 
state  of  fine  subdivision,  fine  enough  to  pass  readily  through  a 
6o-mesh  sieve. 

8.  Storage. — The  dry  cement  is  to  be  stored  in  reasonably 
air-tight  tins  or  bins. 

PART  III.— USE  OF  THE  CEMENT. 

9.  Addition  of  Water. — The  greatest  care  is  to  be  taken 
to  avoid  adding  the  slightest  excess  of  water  in  making  up  the 
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liquid  cement.  The  weighed  quantity  of  the  powdered  cement 
is  to  be  added  slowly  to  the  measured  quantity  of  water,  with 
constant  stirring.  The  liquid  cement  is  to  be  used  as  thick  as 
can  be  conveniently  spread.  In  the  case  of  proprietary  cements 
the  printed  '  Directions  '  issued  with  each  brand  of  cement  are 
to  be  strictly  adhered  to.  In  the  case  of  the  cement  formula 
given  in  clause  4,  the  following  proportions  are  approximately 
correct,  viz.,  100  Ibs.  of  dry  cement  and  15  gallons  of  water. 

10.  Cement    not     fit    for    immediate  Use. — The    liquid 
cement    is  not    to    be    used    until    it    has    been  mixed    for   at 
least  half  an  hour. 

11.  Quantity  to  be  mixed. — Only  sufficient  liquid  cement 
for  the  next  four  or  five  hours'  work  is  to  be  mixed  at  one  time. 
Any  residue  left  over  is  to  be  thrown  away.     It  is  on  no  account 
to  be  incorporated  with  a  later  fresh  batch  of  liquid  cement. 

12.  Clamping  up. — The    liquid    cement    mixture   is    to  be 
applied  evenly  in  a  thin  layer  to  both  surfaces  *  of  the  wood  to 
be  joined  together,  and  the  joint  kept  under  moderate  pressure 
for  at  least  twelve  hours. 

PART  IV.— TESTS. 

13.  Strength  Tests — (a)  All  casein   cements  are   required 
to  pass  the  strength  tests  conducted  by  the  A.I.D.  laboratories, 
and   detailed    below,  and    must    give    at    least    the    following 
results  : — 

(i)  Regular  Test. — 1000  Ibs.  per  square  inch, 
(ii)  Heat    Test. — 1000  Ibs.   per  square  inch,  after  the  test 
joint   has   been    subjected  for  ten    hours  to    a    tem- 
perature  of  45°  C 

(iii)  Immersion  Test. — 900  Ibs.  per  square  inch  after  im- 
mersion of  the  test  joint  for  three  hours  in  water  at  45°  C. 
(/?)  Test  joints  for  the  above  tests  will  be  prepared,  using 
close-grained  dry  American  walnut  test  pieces,  9  ins.  by  2  ins. 
by  |  in.  Two  of  these  test-pieces  will  be  cemented  together 
with  a  one-inch  overlap  joint,  giving  a  total  cemented  area  of 
two  square  inches.  After  twelve  hours  under  moderate  clamp- 
ing pressure,  the  joint  will  be  tested  to  destruction  (by  shear) 
in  a  suitable  testing  machine  for  the  '  regular  test.'  Similar 
cemented  joints  will  be  treated  as  at  (ii)  and  (iii)  and  tested  to 
destruction  in  the  same  way.  The  load  is  to  be  applied 
uniformly  and  without  jerks,  at  a  rate  of  approximately 
3000  Ibs.  per  minute. . 

*  This  requirement  is  modified  for  some  plywoods. 
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BRITISH    ENGINEERING   STANDARDS    ASSOCIATION. 

British  Standard  Specification  for  Aircraft  Material. 
[V.  10.     October,  1918.]     Abridged. 

LIQUID   AND  JELLY  GLUES. 

(Issued  for  and  under  the  authority  of  the  Ministry  of  Munitions, 
Department  of  Aircraft  Production  ) 

NOTE. — The  Association  desires  to  call  attention  to  the  fact  that  this 
Specification  is  intended  to  include  the  technical  provisions  necessary 
for  the  supply  of  the  material  herein  referred  to,  but  does  not  purport 
to  comprise  all  the  necessary  provisions  of  a  contract. 

Types. — Two  types  of  liquid  glue  are  recognised,  namely  : — 

Type  A.     Liquid    glues   which  can    be   used    for   general 

assembly  work,  that  is  to  say,  in  workshops  in  which  no 

special  provision  is  made  to  keep  the  temperature  above 

10°  C.  (50°  R). 

Tvpe  B.  Liquid  glues  requiring  for  their  use  workshops 
specially  heated,  that  is  to  say,  workshops  the  tempera- 
ture of  which  is  maintained  continually  at  about  21°  C. 
(70°  F.); 

NOTE. — Liquid  and  jelly  glues  are  not  generally  approved  for  pro- 
pellers (see  Appendix  5). 

1.  Description. — The  material  shall  be  in  the  form  of  a  jelly 
or  thick  liquid.     When  warmed  to  the  temperature  stated  by  the 
maker   it  shall  be  ready  for  use  without  the  addition  of  any 
water. 

2.  Raw  Material. — The    material    shall    be  prepared   from 
good   quality  hide  or  bone  glue.     Fish  or  vegetable  glue  shall 
not  be  used. 

3.  Other  Ingredients. — The  other  ingredients  employed  in 
the  material  shall  be  of  such  a  nature  that  the  glue  may  be  used 
without  harm  or  discomfort  to  the  workers,  and  without  injury 
to  the  metal-work  or  wood-work,  fabric,  or  other  material  on  the 
aeroplane,  either  during  or  after  application. 

4.  Phenol  Content. — Phenol   or   phenolic    bodies    may   be 
employed,  but  if  present,  the  quantity  shall  not  exceed   10  per 
cent,  by  weight. 

5.  Acidity. — The  material  should  be  free  from  mineral  acid. 
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A  5  per  cent,  solution  of  the  material  in  neutral  distilled  water 
shall  give  no  acid  reaction  to  methyl  orange  indicator. 

6.  Alkalinity. — The   amount    of    free   alkali    calculated    as 
ammonia  (N  H3)  shall  not  exceed  0*5  per  cent,  by  weight  when 
determined  by  large  dilution  of  the  glue  with  neutral  distilled 
water  and  titration  with  H  Cl  using  methyl  orange  as  indicator. 

7.  Melting  Point. — The  melting  point  when  determined  by 
the  method  described  in  Appendix  I.  shall  not  exceed  28°  C. 
(82°  F.)  for  type  A  glue,  and  shall  not  exceed  34°  C.  (93°  F.)  for 
type  B  glue. 

8.  Rate  of  Setting. — (a)  Type  A  Glues.    The  time  of  setting 
when  determined  by  the  method  described  in  Appendix  II.  shall 
not  be  less  than  180  seconds. 

(b]  Type  B  Glues.  The  time  of  setting  when  determined  by 
the  method  described  in  Appendix  II. ,  but  using  wood  at  21°  C. 
(70°  F.)  shall  not  be  less  than  180  seconds. 

g.  Resistance  to  Moisture. — Liquid  glue  shall  resist  the 
action  of  moisture  when  tested  by  the  method  described  in 
Appendix  III. 

10.  Keeping  Qualities. — The  material  shall  not  deteriorate 
in  strength  or  become  putrid  when  stored  for  three  months  in 
closed  containers  under  ordinary  storage  conditions,  or  when 
kept  for  seventy-two  hours  in  an  open  vessel  at  35°  C.  (95°  F.)  in 
a  saturated  atmosphere. 

11.  Consistency. — The    consistency   of  the    material   shall 
enable  the  glue  to  be  used  under  the  conditions  stated  by  the 
maker,  with  at  least  the  same  facility  as  a  cake  glue. 

12.  Strength. — When    tested    by  the    method  described    in 
Appendix    IV.   the   results    obtained    shall    not    be    less    than 
1000  Ibs.  per  square  inch. 

13.  Instructions  for  Use. — The   maker   of  the   glue  shall 
supply  on  a  card  detailed  instructions  for  the  use  of  his  glue. 

The  instructions  must  receive  the  approval  of  the  Controller 
of  the  Aeronautical  Inspection  Department,  3-6  Clement's  Inn, 
Strand,  before  being  issued. 

14.  Labelling  of  Containers. — The  labels  on  the  containers 
shall  state  distinctly  the  type  of  the  glue,  and,  in  the  case  of 
Type  B  glue,  shall  state  that  the  glue  is  for  use  in  workshops 
maintained  at  a  temperature  of  about  21°  C.  (70°  F.). 

APPENDIX  i. 
Determinations  of  Melting   Point. — A   small   piece  of  the 
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jelly  shall  be  suspended  at  the  end  of  the  bulb  of  a  thermometer  in  a 
bath  of  petrol  which  in  its  turn  is  immersed  in  a  water  bath.  The  water 
shall  then  be  gradually  warmed  until  the  sharp  edges  of  the  jelly  become 
rounded.  The  temperature  at  which  this  occurs  shall  be  taken  as  the 
melting  point. 

If  the  glue  is  liquid  at  ordinary  temperatures  it  shall  be  cooled  until 
it  sets  to  a  firm  jelly  before  making  the  test. 

APPENDIX    2. 

Determination  of  the  Rate  of  Setting. — A  small  quantity 
of  the  glue  previously  warmed  to  the  temperature  stated  by  the  maker 
shall  be  spread  rapidly  in  a  thin  layer  (as  in  gluing)  on  a  piece  of  walnut, 
the  temperature  of  which  is  approximately  10°  C.  (50°  F.),  and  in  a  room 
approximately  the  same  temperature.  The  humidity  of  the  room  shall 
be  in  the  neighbourhood  of  66  per  cent.  This  operation  should  not 
take  more  than  2  to  3  sec  >nds.  The  head  of  a  pin  shall  then  be 
inserted  into  the  glue  layer  at  intervals.  The  time  required  for  the  glue 
to  set,  so  as  just  to  cease  adhering  to  the  pin-head,  shall  be  taken  as  the 
time  of  setting. 

At  least  four  tests  should  be  made  and  the  mean  time  for  all  the 
tests  which  with  care  can  be  repeated  to  within  10  seconds,  taken. 

APPENDIX  3. 

Test  for  Resistance  to  Moisture. — A  thin  layer  of  the 
liquid  glue  shall  be  poured  on  to  a  glass  or  porcelain  plate  such 
that  30  c.c.  covers  an  area  of  100  sq.  cms.  It  shall  be  allowed  to  dry 
in  a  dry  atmosphere  at  ordinary  air  temperature  for  three  days,  at  the 
end  of  which  time  the  film  must  be  quite  hard. 

The  film  shall  then  be  broken  up  into  small  pieces,  and  5  gms. 
immersed  in  50  c.c.  water  at  20°  C.  (68°  F. )  for  20  hours. 

At  the  end  of  this  period  the  glue  shall  have  not  have  become 
liquid. 

APPENDIX  4. 

Determination  of  Strength. — (a)  Test  Pieces.  The  test  pieces,. 
2  inches  wide,  f  inch  thick,  and  approximately  9  inches  long,  shall 
consist  of  carefully  selected  straight-grained  dry  American  walnut,  free 
from  knots.  The  2  inch  sides  shall  be  planed  '  true '  and  then 
toothed  with  a  fine  toothing  plane  having  20  to  25  teeth  per  inch. 
(K)  Temperature  of  the  Wood. 

Type  A  Glues.  The  test  pieces  shall  be  at  the  ordinary  air 
temperature  but  not  below  10°  C.  (50°  F.). 

Type  B  Glues.  The  test  pieces,  prior  to  glueing,  shall  be 
placed  for  two  hours  in  an  oven  maintained  at  a  constant  tem- 
perature of  25°  C.  (77°  F.). 

(c]  Temperature  of  the  Glue.  For  making  the  test  joints,  the  glue 
shall  be  warmed  to  the  temperature  stated  by  the  maker. 
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(d)  Preparation  of  the  Test  Joints.  The  glue  shall  be  quickly 
applied  with  the  finger  to  one  surface  of  each  of  the  two  test  pieces  in 
such  a  way  as  to  produce  a  simple  i  inch  overlap  joint  (with  a  total 
glued  area  of  2  sq.  inches),  when  the  two  pieces  are  put  together.  Care 
must  be  taken  when  applying  the  glue  to  avoid  air  bubbles. 

(<?)  Number  of  Test  Jnnts.  Six  joints  in  all  shall  be  prepared  as 
described  above.  They  shall  be  clamped  up  in  the  same  press  under  a 
pressure  of  about  400  Ibs.  for  16  hours,  care  being  taken  to  prevent  any 
slipping  of  the  wood  such  as  would  alter  the  dimension  of  the  overlap. 
The  pressure  shall  then  be  removed  and  pieces  of  walnut  3"  x  2"  x  f " 
shall  be  glued  on  to  the  ends  of  the  pieces  forming  the  joint  in  order  to 
compensate  for  the  double  thickness  of  the  wood  at  the  joint  (see 
Figure  i). 
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FIGURE  i. 


(/)  Tests.  Two  tests  shall  be  applied  to  these  six  joints  as. 
follows : — 

(i)  Heat  Test.  When  the  clamps  are  removed  from  the  joints, 
three  of  the  joints  shall  be  allowed  to  remain  at  ordinary  air  tempera- 
ture for  24  hours.  They  shall  then  be  placed  in  an  oven  at  45°  C. 
(113°  F.),  and  subjected  to  a  dry  heat  at  this  temperature  for  48  hours, 
after  which  they  shall  be  removed  from  the  oven  and  broken  in  turn 
by  clamping  the  two  ends  and  pulling  the  components  of  the  joint  apart 
in  a  suitable  testing  machine,  the  load  being  applied  uniformly  at  the 
rate  of  about  3000  Ibs.  per  minute. 

(ii)  Regular  Dry  Test.  When  the  clamps  are  removed  from  the 
joints  the  three  remaining  joints  shall  be  allowed  to  remain  at  ordinary 
air  temperature  for  72  hours.  They  shall  be  broken  as  described  above 
without  further  treatment. 

Both  sets  (i)  and  (2)  of  joints  shall  be  broken  on  the  same  day  in 
order  that  the  results  obtained  may  be  comparable.  In  making  the 
test,  the  jaws  of  the  pulling  machine  should  be  a  clear  13  inches  apart. 
The  total  load  required  to  break  a  joint  divided  by  2  shall  be  regarded 
as  the  strength  of  the  joint. 
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APPENDIX  5. 

Jelly  Glues  for  Propellers. — Liquid  or  jelly  glues,  in  general, 
are  not  approved  for  use  in  the  construction  of  propellers.  Provided, 
however,  the  following  acquirements  are  complied  with,  the  use  of  a 
jelly  glue  for  propeller  work  may  be  considered  by  the  Department  of 
Aircraft  Production : — 

(a)  Raw  Material,     To  be  hide  glue  only. 

(b)  Phenol  Content.     Not  to  exceed  3  per  cent. 

(c)  Melting  Point.    Not  to  be  below  31°  C.  (88°  F.). 

(d}  Resistance  to  Moisture.  The  glue  must  stand  the  test 
described  in  Appendix  II.  above  when  the  temperature  of  the  water 
is25°C.  (77°  F.). 

(e)  Strength.     To  be  at  least  1200  Ibs.  per  square  inch. 


BRITISH  ENGINEERING  STANDARDS  ASSOCIATION. 

British  Standard  Specification  for  Aircraft  Material. 
[V.  4.     November,  1918.     Cancelling  R.A.F.  Spec.  90.]     Abridged. 

ASH. 

{Issued   for   and   under  the  authority  of  the  Ministry  of  Munitions, 
Department  of  Aircraft  Production.) 

NOTE. — The  Association  desires  to  call  attention  to  the  fact  that 
this  Specification  is  intended  to  include  the  technical  provisions  neces- 
sary for  the  supply  of  the  material  herein  referred  to,  but  does  not 
purport  to  comprise  all  the  necessary  provisions  of  a  contract. 

1.  Quality. — The    timber    shall    be    butt   lengths    of    Ash 
(Fraxinus  excelsior  Z.)  of  European  growth.     It  shall  not  have 
more  than    16  rings  per  inch,  except  in  the  case  of  approved 
small  trees. 

NOTE. — Wide  ringed  ash  is  preferable  to  narrow  ringed  material. 
Timber  having  more  than  16  rings  per  inch  may  be  accepted  provided 
that  its  toughness  and  strength  have  been  found  satisfactory  by 
mechanical  tests.  Small  trees,  well-grown,  having  more  than  16  rings 
per  inch  frequently  provide  satisfactory  material.  The  timber  should 
preferably  be  felled  between  the  months  of  November  and  March. 

2.  Weight  per  Cubic  Foot. — The  weight  per  cubic  foot  of 
the  timber   shall  be  not  less  than   38  Ibs.  when  the  moisture 
content  is  15  per  cent,  (see  Appendix). 

3.  Seasoning. — (a)  For  ordinary  iise.     The  timber  shall  be 
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naturally  seasoned  if  possible.     If  kiln-dried  timber  is  used  the 
following  conditions  shall  be  complied  with  : — 

(i)  The  timber  shall  be  dried  in  an  approved  kiln  and  be 
systematically  inspected  by  the  representative  of  the 
A.I.D.* 

(ii)  Autographic  records  shall  be  kept   showing  the  tem- 
perature and  humidity  conditions  during  the  process, 
(iii)  The  maximum  temperature  shall  not  exceed   125°  F. 
(iv)  The  moisture  content  at  the  conclusion  of  the  process 
shall  be  as  follows  : — 

Summer  (Mid.  April  to  Mid.  Oct.)  not  more  than 

20  per  cent,  and  not  less  than  15  per  cent. 

Winter  (Mid.   Oct.  to  Mid.  April)  not  more  than 

1 8  per  cent,  and  not  less  than  14  per  cent. 

(fr)  For  Steam  Bending.     Timber  which  is  to  be  subjected  to 

straightening  or  bending  by  steam  treatment  shall  preferably  not 

be  seasoned,  and  shall  not  be  kiln  dried. 

4.  Dryness  of  Timber — (a}  Seasoned  Timber.     The  timber 
shall  not  be  reduced  to  its  final  shape  and  size  until  the  moisture 
has  been  reduced  to  16  per  cent,  or  less. 

(b}  Unseasoned  Timber  for  Bending.  Timber  that  is  to  be 
subjected  to  straightening  or  bending  by  steam  treatment  shall 
contain  at  least  25  per  cent,  of  moisture,  which  should  preferably 
be  the  original  sap  moisture. 

NOTE. — The  process  of  steaming  and  subsequent  drying  takes  the 
place  of  artificial  seasoning. 

5.  Dryness  Tests. — (a)  Selection  of  Test  Pieces.     Samples 
shall  be  cut  by  the  contractor  from  the  timber,  whether  unsea- 
soned or  seasoned,  from  positions  indicated  by  the  representative 
of  the  A.I. D.,  and  shall  be  tested  for  moisture  content  as  and 
when  required  by  the  representative  of  the  A.I.D. 

6.  Conversion. — Parts  cut  from   planks  should,  as   far   as 
possible,  be  cut  following  the  grain,  and  may  subsequently  be 
straightened  by  steam  treatment.     Planks  in  which  the  grain  is 
too  curved   to  allow  of  straightening  should    not  be   rejected. 
Irregular  and  curved  parts  should,  as  far  as  possible,  be  obtained 
from  such  timber  with  naturally  curved  grain,  so  that  the  grain 
of  the  wood  is  continuous  throughout  the  length  of  the  part. 

7.  Straightness  of  Grain. — The    maximum    inclination    of 
the  grain  to  the  length  of  the  part  shall  not  exceed  one  in  ten. 

*  Only  the  hammer  mark  or  other  stamp  of  the  representative  of  the  A.I.D.  will 
he  accepted  as  satisfactory  evidence  of  this  inspection. 

T 
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8.  Freedom  from  Defects. — The  timber  shall  contain    no 
deleterious   knots   or   shakes,  it  shall  not  contain  curls,  burrs, 
rammy  figure,  caney  grain,  signs  of  prolonged  weathering,  black 
heart,  foxiness,  or  other  forms  of  rot.     At  least  half  of  each 
annual  ring  shall  consist  of  autumn  grown  wood  of  close  texture. 

NOTE. — Material  containing  abnormally  large  and  open  pores,  or 
pores  rilled  with  brilliant  yellow  powdery  secretion  may  be  expected  to 
be  brittle.  As  a  rule  the  lighter  coloured  material  is  the  better  quality. 

9.  Mechanical  Tests. — (a)  Selection  of  Test  Pieces.    Samples 
shall  be  cut  by  the  contractor  from  the  seasoned  timber  from 
positions    indicated    by   the   representative   of    the   A.I.D.     A 
number  of  test  pieces  shall  be  prepared  from  these  samples  for 
the  following  tests. 

(b)  Compression  Tests.  A  test  piece  I  inch  by  I  inch  and 
2  inches  long  shall  give  an  ultimate  strength  not  less  than  the 
value  shown  in  the  following  table,  depending  on  the  moisture 
in  the  test  piece  : — 


PERCENTAGE  MOISTURE  CONTENT 
OF  SAMPLE. 


MINIMUM  ULTIMATE  STRENGTH 
LBS.  PER  SQ.  IN. 


16 

17 


5600 

53°° 
5000 
4700 
4400 


(c)  Notched  Bar  Tests  for  Brittleness.  A  test  piece  of  the 
size  and  shape  shown  in  Figs.  4  or  5  when  tested  in  an  impact 
testing  machine  of  the  type  illustrated  in  Figs.  1-3,  shall  not 
absorb  less  than  10  ft.  Ibs.  The  sides  of  the  test  piece  shall  be 
cut  radially  and  tangentially,  and  the  blow  shall  be  applied  in 
the  tangential  direction. 

NOTE. — Where  a  suitable  machine  is  not  available  the  test  piece 
shall  be  broken  by  a  blow  with  a  hammer.  The  fracture  shall  show  a 
satisfactory  amount  of  fibrous  splinter. 

10.  Bending  Test. — (a)  Selection  of  Test  Piece.  A  lath  of 
the  material,  \  inch  thick,  shall  be  cut  from  a  position  indicated 
by  the  representative  of  the  A.I.D.,  and  shall  withstand  the 
following  test : — 


IMPACT  TESTING  MACHINE. 

. — When  Scale  is  marked  in  degrees  as  shown,  work  expended  in 
breaking  specimen  =  40  sin  a  (a  =  reading  on  scale  at  which 
Pointer  comes  to  rest). 


FIG.  3. 


Alternative  Form  of  Notch. 

FIG.  5. 
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The  lath  shall  be  bent  round  a  semi-circle  of  ij  feet  in 
diameter  without  showing  signs  of  fracture. 

ii.  Steam  Bending. — (a)  Temperature  of  Steam.  During 
steam  treatment  the  maximum  temperature  of  the  steam  shall 
not  exceed  220°  F.  (2  Ibs.  per  square  inch)  and  the  timber  shall 
remain  in  the  steam  no  longer  than  is  necessary  to  secure  the 
necessary  degree  of  pliability. 

(If)  Curvature.  The  timber  shall  not  be  bent  to  a  curve  of 
less  radius  than  twelve  times  its  radial  width,  or  straightened 
from  a  curve  of  less  radius  than  forty  times  its  radial  width. 

Curved  pieces  of  smaller  radius  are  undesirable,  but,  if 
necessary,  such  pieces  shall  be  produced  of  laminated  timber  or 
by  bending  the  timber  in  a  master  strap  clamp. 

APPENDIX    i. 

Method  of  Measuring  Moisture  Content. — A  sample  taken 
from  the  plank  at  least  2  inches  from  the  end,  and  at  least  \  inch  from 
the  surface  or  edge  of  the  plank,  shall  be  cut  into  small  pieces  (match 
stalks)  and  weighed  (VV).  The  sample  shall  then  be  completely  desic- 
cated until  the  weight  is  constant  in  an  oven  at  a  temperature  of  100°  C., 
and  again  weighed  (V). 

The  percentage  moisture  shall  be  calculated  as  follows  : — 

W  -  V 
Percentage  of  moisture  =  x  100 


BRITISH  ENGINEERING  STANDARDS  ASSOCIATION. 

British  Standard  Specification  for  Aircraft  Material. 
[V.  5.    November,  1918.   Cancelling  R.  A. F.  Specification  95].  Abridged. 

WALNUT. 

(Issued  for  and  under   the  authority  of  the  Ministry  of    Munitions, 
Department  of  Aircraft  Production.) 

NOTE. — The  Association  desires  to  call  attention  to  the  fact  that 
this  Specification  is  intended  to  include  the  technical  provisions 
necessary  for  the  supply  of  the  material  herein  referred  to,  but  does  not 
purport  to  comprise  all  the  necessary  provisions  of  a  contract. 

i.  Quality. — The  timber  shall  be  butt  lengths  of  walnut 
(Juglans]  of  any  of  the  following  species,  viz.: — American 
Black  Walnut  (Jttglaus  nigra  L.},  European  or  Asiatic  Walnut 
(Jtiglans  rtgia  L.)  or  Kurumi  Walnut  (Juglans  sieboldiana> 
Maxini)  from  Japan. 
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African  walnut  (Khaya-sp.)  and  'Satin  walnut'  (properly 
called  Red  Gum)  are  not  included  in  this  specification. 

NOTE. — The  timber  shall  preferably  be  cut  from  trees  that  have 
been  felled  during  the  leafless  season. 

2.  Weight  per  Cubic  Foot. — The  weight  per  cubic  foot  of 
the  timber  shall  be  not  less  than  35  Ibs.  when  the  moisture  con- 
tent is  15  per  cent. 

3  Seasoning. — The  timber  shall  be  naturally  seasoned  if 
possible.  If  kiln-dried  timber  is  used  the  following  conditions 
shall  be  complied  with  : — 

(ij  The  timber  shall  be  dried  in  an  approved  kiln,  and  be 
systematically  inspected  by  the  representative  of  the 
A.I.D.* 

(ii)  Autographic  records  shall  be  kept  showing  the  tem- 
perature and  humidity  conditions  during  the  process, 
(iii)  The  maximum  temperature  shall  not  exceed  I25°F. 
(iv)  The  moisture  content  at  the  conclusion  of  the  process 
shall  be  as  follows  : — 

Summer  (Mid.  April  to  Mid.  Oct.)  not  more  than 
1 8  per  cent,  and  not  less  than  12  per  cent. 
Winter  (Mid.  Oct.  to  Mid.  April)  not  less  than   16 
per  cent. .and  not  less  than  JO  per  cent. 

4.  Dryness  of   Timber. — The  timber  shall  not  be  reduced 
to  its  final  shape  and  size  until  the  moisture  has  been  reduced  to 
13  per  cent.,  or  less,  nor  shall  any  parts  of  the  wood  be  glued 
together  until  this  degree  of  dryness  is  attained. 

5.  Dryness    Tests. — Selection   of    Test  Pieces.       Samples 
shall  be   cut   by  the  contractor  from  the  timber,  whether   un- 
seasoned or  seasoned,  from  positions  indicated  by  the  representa- 
tive of  the  A.I.D.,  and  shall  be  tested  for  moisture  content  as 
and  when  required  by  the  representative  of  the  A.I.D. 

6.  Conversion. — Logs  containing  a   simple  bend  shall  be 
planked  so  that  planks  are  produced  parallel  to  the  plane  of  the 
bend.     Irregular  and  curved  parts  should,  as  far  as  possible,  be 
obtained  from  timber  having  naturally  curved  grain,  so  that  the 
grain  of  the  wood   is  continuous  throughout  the  length  of  the 
part.     Walnut,  however,  bends  readily  when  steamed,  and  parts 
may  be  bent  when  necessary. 

7.  Straightness  of  Grain. — The  maximum  inclination   of 
the  grain   to   the  length  of  the  part  shall  not  exceed  one  in 
twelve. 

*  Only  the  hammer  mark  or  other  stamp  of  the  representative  of  the  A.I.D. 
will  be  accepted  as  satisfactory  evidence  of  this  inspection. 
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8.  Freedom  from  Defects. — The  timber  shall   contain  no 
deleterious  knots  or    shakes,  curls,  burrs,  rammy  figure,  caney 
grain,  nor   show  signs  of  prolonged  weathering,  mildew  pock, 
dead  streak,  or  other  forms  of  rot.     Sapwood  may  be  permitted 
in  any  part  if  it  is  sound,  bright,  tough  and  strong.     Pinholes,  if 
not  too  large  or  numerous,  may  be  permitted. 

NOTE. — Wide-ring  material  is  usually  heavier,  and  is  the  tougher 
and  better  material. 

9.  Mechanical     Tests. — (a)     Selection     of     Test     Pieces. 
Samples    shall   be   cut   by  the    contractor  from   the   seasoned 
timber   from    positions   indicated   by   the  representative  of  the 
A.I.D.     Test  pieces  shall  be  prepared   from  these  samples  for 
the  following  test. 

(b)  Notched  Bar  Tests  for  Brittleness.  A  test  piece  of  the 
size  and  shape  shown  in  Figs.  4  or  5  when  tested  in  an  impact 
testing  machine  of  the  type  illustrated  in  Figs.  1-3  shall  not 
absorb  less  than  9  ft.  Ibs.  The  sides  of  the  test  piece  shall  be 
cut  radially  and  tangentially,  and  the  blow  shall  be  applied  in 
the  tangential  direction. 

NOTE. — Where  a  suitable  machine  is  not  available  the  test  piece 
shall  be  broken  by  a  blow  with  a  hammer.  The  fracture  shall  show 
a  satisfactory  amount  of  fibrous  splinter. 
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British  Standard  Specification  for  A  ircraft  Material. 
[V.  6.     November,  1918.]     Abridged. 

MAHOGANY 

(WEST   AFRICAN). 

(Issued   for  and  under  the   authority  of  the  Ministry  of   Munitions, 

Department  of  Aircrafc  Production.) 

NOTE. — The  Association  desires  to  call  attention  to  the  fact  that 
this  Specification  is  intended  to  include  the  technical  provisions  neces- 
sary for  the  supply  of  the  material  herein  referred  to,  but  does  not 
purport  to  comprise  all  the  necessary  provisions  of  a  contract. 

1.  Quality. — The  'timber   shall    be    mahogany   (Khaya-sp.} 
having  the  same  general  characteristics  as  first  quality  mahogany 
imported  from  Grand  Bassam  or  Benin. 

2.  Weight  per  Cubic  Foot — The  weight  per  cubic  foot  of 
the  timber  shall  not  be  less  than  34  Ibs.  when  the  moisture  con- 
tent is  15  per  cent. 
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3.  Seasoning. — The  timber  shall   be  naturally  seasoned  if 
possible.     If  kiln-dried  timber  is  used  the  following  conditions 
shall  be  complied  with  : — 

(i)  The  timber  shall  be  dried  in  an  approved  kiln  and 
have  been  systematically  inspected  by  the  repre- 
sentative of  the  A.I.D.* 

(ii)  Autographic  records  shall  be  kept  showing  the  tem- 
perature and  humidity  conditions  during  the  process. 

(iii)  The  maximum  temperature  shall  not  exceed  125°  F. 

(ivj  The  moisture  content  at  the  conclusion  of  the  process 
shall  be  as  follows  :  — 

Summer  (Mid.  April  to  Mid.  Oct.)  not  more  than 
1 6  per  cent,  and  not  less  than  12  per  cent. 

Winter  (Mid.  Oct.  to  Mid.  April)  not  more  than 
14  per  cent,  and  not  less  than  10  per  cent. 

4.  Dryness  of  Timber — The  timber  shall  not  be  reduced 
to  its  final  shape  and  size  until  the  moisture  has  been  reduced  to 
14  per  cent.,  or  less,  nor  shall  any  parts  of  the  wood  be  glued 
together  until  this  degree  of  dryness  is  attained. 

5  Dryness  Tests — Selection  of  Test  Pieces.  Samples  shall 
be  cut  by  the  contractor  from  the  timber,  whether  unseasoned 
or  seasoned,  from  positions  indicated  by  the  representative  of 
the  A.I.D.,  and  shall  be  tested  for  moisture  content  as  and  when 
required  by  the  representative  of  the  A.I.D. 

6.  Freedom  from  Defects — The  wood  in  the  finished  parts 
shall   contain   no  deleterious  wormholes,  sapwood,  gum  veins, 
spongy  heart  or  other  forms  of  rot,  knots,  shakes,  cross  shake, 
fiddle-back  figure,  roe  figure  and  other  forms  of  cross  and  curly 
grain. 

7.  Mechanical     Tests — (a)     Selection     of     Test     Pieces. 
Samples    shall    be   cut    by  the   contractor   from   the   seasoned 
timber  from   positions  indicated  by  the   representative  of  the 
A.I.D.     A  number  of  test  pieces  shall  be  prepared  from  these 
samples  for  the  following  tests. 

(fr)  Notched  Bar  Tests  for  Brittleness.  A  test  piece  of  the 
size  and  shape  shown  in  Figs.  4  or  5  when  tested  in  an  impact 
testing  machine  of  the  type  illustrated  in  Figs.  1-3  shall  not 
absorb  less  than  6  ft.  Ibs.  The  sides  of  the  test  piece  shall  be 

*  Only  the  hammer  mark  or  other  stamp  of  the  representative  of  the  A.I.D. 
will  be  accepted  as  satisfactory  evidence  of  this  inspection. 
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cut  radially  and  tangentially,  and  the  blow  shall  be  applied  in 
the  tangential  direction. 

NOTE. — Where  a  suitable  machine  is  not  available  the  test  piece 
shall  be  broken  by  a  blow  with  a  hammer.  The  fracture  shall  show 
a  satisfactory  fibrous  splinter. 

(c)  Bending  Test  for  Modulus  of  Rupture.  A  test  piece  cut 
parallel  to  the  grain  having  a  square  section  i  inch  by  I  inch, 
when  tested  in  the  manner  described  in  the  appendix  shall  give 
the  following  result : — 

Modulus  of  Rupture  -  -  Not  less  than  1 1,000  Ibs.  per  sq.  in. 

This  test  shall  only  be  applied  at  the  discretion  of  the  repre- 
sentative of  the  A.I.D.  when  the  quality  of  the  timber  is  in 
doubt. 


APPENDIX  2. 

The  bending  test  should  be  carried  out  wherever  possible  with  four 
point  loading  in  order  to  avoid  the  shearing  stress  in  the  middle  part  of 
the  beam  where  the  deflection  is  measured.  A  suitable  apparatus  is 
illustrated  in  Fig.  7. 

The  load  should  be  applied  through  saddles  to  avoid  crushing  the 
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timber.  The  points  of  application  of  the  load  should  be  the  neutral 
plane  of  the  beam.  End-ways  stresses  should  be  avoided  by  means  of 
rollers  or  ball  bearings. 

The  modulus  of  rupture  for  the  i  inch  square  test  piece  shall  be 
calculated  as  follows  : — 

Modulus  of  Rupture  =  3  W  a 

Where  W  is  the  total  load  in  Ibs.  applied  to  the  beam. 
a   is  the  length  in  inches  shown  in  Fig.  6. 


BRITISH    ENGINEERING   STANDARDS   ASSOCIATION. 

British  Standard  Specification  for  A  ircraft  Material. 
[V.  7.     November,   1918.]     Abridged. 

MAHOGANY 

(CENTRAL  AMERICAN). 

(Issued  for  and  under  the  authority  of  the  Ministry  of  Munitions, 
Department  of  Aircrafc  Production.; 

NOTE. — The  Association  desires  to  call  attention  to  the  fact  that 
this  Specification  is  intended  to  include  the  technical  provisions 
necessary  for  the  supply  of  the  material  herein  referred  to,  but  does  not 
purport  to  comprise  all  the  necessary  provisions  of  a  contract. 

i  Quality. —  The  timber  shall  be  mahogany.  (Swietenia 
mahagoni,  Jacq.,  and  Swietenia  macrophylla,  King). 

2.  Weight  per  Cubic  Foot. — The  weight  per  cubic  foot  of 
the  timber  shall  be  not  less  than  34  Ibs.  when  the  moisture  con- 
tent is  15  per  cent,  (see  Appendix). 

3.  Seasoning. — The  timber  shall  be    naturally  seasoned  if 
possible.     If  kiln-dried  timber  is  used  the  following  conditions 
shall  be  complied  with  : — 

(i)  The  timber  shall  be  dried  in  an  approved  kiln  and 
have  been  systematically  inspected  by  the  repre- 
sentative of  the  A.I.D.* 

(ii)  Autographic  records  shall  be  kept  showing  the  tempe- 
rature and  humidity  conditions  during  the  process, 
(iii)  The  maximum  temperature  shall  not  exceed  125°  F. 

(iv)  The  moisture  content  at  the  conclusion  of  the  process 
shall  be  as  follows  : — 

*  Only  the  hammer  mark  or  other  stamp  of  the  representative  of  the  A.I.D. 
will  be  accepted  as  satisfactory  evidence  of  this  inspection. 
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Summer  (Mid.  April  to  Mid.  Oct.)  not  more  than 
1 6  per  cent,  and  not  less  than  12  per  cent. 

Winter  (Mid.  Oct.  to  Mid.  April)  not  more  than 
14  per  cent,  and  not  less  than  10  per  cent. 

4.  Dryness  of  Timber. — Seasoned   Timber.       The    timber 
shall    not  be   reduced    to   its    final    shape    and    size   until  the 
moisture  has  been  reduced  to  14  per  cent,  or  less,  nor  shall   any 
parts  of  the  wood  be  glued  together  until  this  degree  of  dryness 
is  attained. 

5.  Dryness     Tests. — Selection    of    Test    Pieces.     Samples 
shall  be  cut  by  the  contractor  from   the    timber,    whether  un- 
seasoned or  seasoned,  from  positions    indicated  by  the   repre- 
sentative  of   the    A.I.D.,  and    shall    be    tested    for    moisture 
content  as  and  when    required   by    the   representative   of    the 
A.I.D. 

6.  Freedom  from    Defects. — The    wood    in    the    finished 
parts  shall  contain  no  deleterious  wormholes,  sapwood,  gum- 
veins,  spongy  heart  or  other  forms  of  rot,  knots    shakes,  cross 
shakes,  fiddle-back   figure,  roe    figure,  ,and  other  forms  of  cross 
and  curly  grain. 

7.  Mechanical     Tests. — (a)     Selection      of      Test     Pieces. 
Samples    shall  be   cut    by    the   contractor    from    the   seasoned 
timber  from  positions    indicated  by  the  representative   of  the 
A.I.D.     A  number  of  test  pieces  shall  be  prepared  from  these 
samples  for  the  following  tests. 

(b}  Notched  Bar  Tests  for  Brittleness.  A  test  piece  of  the 
size  and  shape  shown  in  Figs.  4  or  5  when  tested  in  an  impact 
testing  machine  of  the  type  illustrated  in  Figs,  i — 3  shall  not 
absorb  less  than  6  ft.  Ibs.  The  sides  of  the  test  piece  shall  be 
cut  radially  and  tangentially  and  the  blow  shall  be  applied  in  the 
tangential  direction. 

NOTE. — Where  a  suitable  machine  is  not  available  the  test  piece 
shall  be  broken  by  a  blow  with  a  hammer.  The  fracture  shall  show  a 
satisfactory  fibrous  splinter. 

(c]  Bending  Test  for  Modulus  of  Rupture.  A  test  piece  cut 
parallel  to  the  grain  having  a  square  section  I  inch  by  I  inch, 
when  tested  in  the  manner  described  in  the  appendix  shall  give 
the  following  result : — 

Modulus  of  Rupture  :  Not  less  than  1 1,000  Ibs.  per  sq.  in. 

This  test  shall  only  be  applied  at  the  discretion  of  the 
representative  of  the  A.I.D.  when  the  quality  of  the  timber  is  in 
doubt. 
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HANDBOOK   ON 
CONSTRUCTION  OF  PROPELLERS 

Reproduced  from  HB  302  (issued  by  the  Ministry  of  Munitions  Sep- 
tember, 1918),  by  kind  permission  of  the  Air  Ministry  Council. 


NOMENCLATURE. 

Technical. — The  terms  'hub'  or  'engine  hub'  mean  those 
metal  parts,  including  bolts  and  nuts,  which  fit  the  engine  or 
propeller  shaft,  and  also  fit  into  the  central  portion  of  the  pro- 
peller ;  for  the  purposes  of  this  handbook  these  terms  also  cover 
the  cases  in  which  these  are  not  '  loose '  '  hubs.' 

The  term  '  boss '  means  that  part  of  the  propeller  on  to  which 
the  hub  fits. 

PART  I.     GENERAL  SPECIFICATION. 

Timber. — The  timber  to  be  used  will  be  that  stated  on  the 
propeller  drawing  quoted  in  the  Contract  and  Schedule. 

Balancing  and  Checking. — Each  propeller  is  to  be  balanced 
statically  in  accordance  with  the  instructions  given  in  the  hand- 
book, and  will  be  tested  for  such  balance.  It  is  also  to  be 
checked  for  symmetry  of  the  blades  within  the  approved  limits 
of  error  and  for  compliance  with  approved  section  templates. 
Where  special  dimensional  limits  are  specified  on  the  drawing 
they  are  to  be  strictly  observed. 

Covering,  &c. — All  propellers  are  to  be  fabric  covered  and 
finished  as  stated  in  the  handbook,  and  where  metal  tipping  or 
beading  is  specified  the  latter  is  to  be  carried  out  in  accordance 
with  the  handbook. 

Testing. — For  the  purpose  of  testing  the  materials  and 
workmanship,  or  for  any  other  reasons,  C.I.  may  subject  any 
propeller  to  a  test,  which  will  consist  in  spinning  the  propeller 
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on  the  test  tower  or  otherwise  under  similar  general  conditions 
to  those  obtaining  on  the  test  tower  to  an  overload,  due  to 
5  per  cent,  increase  of  r.p.m.  over  those  registered  when  the 
horse-power  absorbed  is  equal  to  that  normally  developed  by  the 
engine  to  which  the  propeller  is  to  be  fitted. 

Interchangeability. — The  contractor  is  to  provide  an  ap- 
proved inspection  table,  to  design  and  provide  all  necessary  jigs, 
templates,  and  gauges  for  ensuring  interchangeability  of  pro- 
pellers with  their  engine  hubs  and  with  each  other,  and  their 
exactitude  to  the  drawings.  Such  jigs,  templates,  and  gauges 
are  to  be  submitted  to  C.I.  or  his  representative  for  approval 
before  proceeding  with  the  work,  but  such  approval  will  not  relieve 
the  contractor  of  any  responsibility  for  the  accuracy  of  his  work. 

Packing. — The  propellers  must  be  delivered  packed  in  cases 
complying  with  current  specifications,  unless  otherwise  arranged 
with  C.S.D.  or  C.I.  Packing  case  specifications  maybe  obtained 
from  the  Technical  Department. 

PART  II.     HANDBOOK  OF  INSTRUCTIONS. 
MATERIALS. 

Timber. — The  following  timbers  are  approved  for  use  in 
propeller  construction  : — Walnut,  which  may  be  taken  as  includ- 
ing Black  American  and  European  varieties ;  the  following 
varieties  of  Mahogany  : — Nicaraguan,  Honduras,  and  Cuban  ; 
Queensland  Silk  Wood  (Flindersia  Chatawaiana).  The  follow- 
ing may  be  used  in  part  for  certain  propellers,  providing  that  the 
consent  of  C.T  D.  has  been  obtained  : — Grand  Bassam,  Lagos 
and  Benin  Mahogany,  African  Iroko,  English  Ash,  Japanese 
Walnut,  Silver  Spruce,  and  Benin  Walnut,  and  for  this  purpose 
samples  of  each  batch  as  specified  below  must  be  sent  to  the 
Technical  Department  before  use. 

Any  suggestions  concerning  other  varieties  of  timber  will  be 
welcomed,  and  should  be  submitted  to  the  Technical  Depart- 
ment, with  six  samples  of  the  suggested  timber,  each  4  feet  long 
by  2  inches  broad  and  I  inch  thick. 

As  a  general  rule,  timbers  for  use  in  propeller  construction 
should  not  weigh  more  than  40  Ibs.  per  cubic  foot,  and  the 
elastic  limit  on  bending  tests  should  not  be  less  than  5000  Ibs. 
per  sq.  inch.  The  particular  specifications  for  walnut,  mahogany, 
ash,  and  spruce,  together  with  a  description  of  the  standard 
method  of  testing  timbers,  may  be  obtained  from  C.T.D.  (X.5). 

Approval  of  any  variety  of  timber  covers  only  its  strength 
and  elastic  properties,  the  manufacturer  being  responsible  for  the 
gluing  properties  of  any  wood  used. 
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Before  delivery  to  the  manufacturer  the  timber  will  be 
inspected  in  bulk,  but  it  should  be  understood  that  this  does  not 
guarantee  the  suitability  of  individual  boards. 

Where  it  is  necessary  to  use  timber  which  has  been  artificially 
seasoned,  the  method  of  seasoning  must  be  approved  by  C.T.D. 
and  carried  out  under  the  supervision  of  C.I. 

Other  Materials. — Glues,  wood-fillers,  varnishes,  and  water- 
proof paints  are  subjected  to  inspection  before  delivery  to  the 
contractor,  and  for  this  reason  the  latter,  when  ordering  these 
materials,  must  state  that  they  are  to  be  used  for  propeller 
construction,  and  notify  C.I.  of  the  sub-contract. 

Glue. — The  glue  must  be  of  an  approved  make,  and  be 
prepared  and  used  in  accordance  with  the  maker's  card  of 
instruction  approved  by  C.I. 

All  extracts  or  batches  of  glue  will  be  tested  with  a  view  to- 
being  passed  as  suitable  for  propeller  construction,  and  accepted 
glue  will  be  supplied  in  sealed  bags  stamped  '  A.I.D.  Approved/ 

MANUFACTURE. 

Laminations. — Planks  shall  be  straight-grained,  and  be  free 
from  knots,  curls,  burrs,  rammie  figure,  caney-grain,  or  worm- 
holes,  which  are  deleterious  ;  and  must  show  no  signs  of  pro- 
longed weathering,  mildew,  pock,  dead  streak,  or  other  forms 
of  rot. 

The  laminations  must  be  cut  with  the  grain  of  the  timber 
running  lengthwise  and  parallel  to  the  surfaces  which  will 
be  glued. 

The  thickness  of  the  laminations  need  not  be  as  specified  on 
the  drawing,  provided  that  it  lies  between  the  limits  laid  down 
in  the  Technical  Department  Concessions  Memoranda.  If  the 
thickness  used  be  as  shown  on  the  drawing,  the  widths  and 
length  of  the  laminations  may  be  scaled  therefrom,  care  being 
taken  to  leave  ample  allowances  for  shaping.  On  the  other 
hand,  the  adoption  of  other  than  the  specified  thickness  will 
necessitate  re-plotting  of  the  lamination  contours. 

Before  use,  all  thicknessed  boards,  or  cut  laminations  if 
preferred,  are  to  be  stored  for  at  least  three  weeks  in  a  place 
where  the  temperature  and  atmospheric  conditions  are  similar  to 
those  prevailing  in  the  glue  room.  Any  departure  from  this 
requirement  must  be  sanctioned  by  C.I. 

Laminations  which  comply  with  those  requirements  will  be 
approved  by  C.I/s  representative,  and  must  bear  an  A.I.D. 
stamp  before  they  are  glued  together. 

In  the  case  of  two-bladed  propellers,  each  edge  of  lamination 
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contours  may  safely  be  cut  to  within  7  mms.  of  the  finished 
size,  but  in  four-bladed  propellers  a  greater  allowance,  say 
12  mms.,  is  desirable  to  permit  of  half-lapping  at  the  middle  and 
of  any  adjustment  of  the  blades  for  '  squareness  '  to  one  another. 
A  larger  allowance  than  that  quoted  above  is  found  desirable  at 
and  near  the  ends  of  laminations. 

Laminations  of  four-bladed  propellers  are  to  be  half-lap 
jointed,  unless  otherwise  permitted,  and  the  joints  at  the  boss 
are  to  be  properly  staggered.  This  is  generally  ensured  by 
cutting  across  at  right  angles  to  the  centre  line  of  each 
lamination. 

The  surfaces  to  be  glued  must  be  true  and  parallel,  and  care- 
fully toothed  with  a  fine  toothing  or  veining  plane. 

The  establishment  of  balance  in  the  completed  propeller  will 
be  facilitated  by  the  preliminary  balancing  of  each  lamination, 
which  may  be  done  at  this  stage. 

For  this  purpose  it  must  be  mounted  rigidly  upon  a  mandrel 
supported  upon  knife-edges,  or  upon  a  spindle  mounted  in 
sensitive  ball-bearings,  then  balanced  oy  clipping  on  one  or  more 
quarter  ounce  weights  at  a  definite  point,  say  3  feet  or  more  from 
the  mandrel  axis,  until  equilibrium  is  obtained,  the  heavy  (or 
light)  end  must  then  be  marked  so  that  it  may  be  assembled 
opposite  the  heavy  (or  light)  end  of  another  lamination.  The 
laminations  may  then  be  assembled  into  the  block,  so  as  to 
correct  the  out-balance  of  the  individual  laminations  thus 
indicated. 

Gluing. — The  room  in  which  laminations  are  glued  must  be 
free  from  dust  and  draughts  and  be  maintained  at  a  minimum 
temperature  of  70°  F.  day  and  night,  a  maximum  and  minimum 
thermometer  being  provided  for  the  purpose  of  checking  this 
requirement. 

In  preparing  the  glue  a  weighed  quantity  of  glue  must  be 
added  to  a  measured  volume  of  water,  in  accordance  with  the 
makers'  instructions.  Boiling  of  the  glue  is  prohibited,  and 
continuous  heating  can  be  avoided  by  preparing  sufficient  stock 
for  one  day  and  re-heating  portions  as  required. 

The  tables  or  bed-plates  on  which  the  glued  joints  are  laid 
must  be  true  and  rigid,  and  no  attempt  may  be  made  to  force 
warped  laminations  into  position.  All  warped  laminations  will 
be  rejected. 

The  glued  joints  may  be  laid  down  singly  and  retained 
under  pressure  for  nine  hours,  but  where  possible  two  joints  may 
be  made  at  one  gluing  operation.  Pressure  must  be  applied 
first  at  the  centre  and  then  gradually  towards  the  tips. 
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The  completed  block  is  to  be  retained  under  pressure  for 
twenty  hours. 

Alternative  methods  are  to  be  submitted  to  C.I.  for  approval. 

Laminations  may  be  glued  en  bloc  after  the  appliances  and 
results  have  been  approved  by  C.I.  Clamps  suitable  for  gluing 
propellers  en  bloc  are  illustrated  in  the  sketches  (Fig.  i).  The 
centres  of  the  clamps  should  be  from  6  to  8  inches  apart. 

In  adopting  this  method  care  should  be  taken  to  ensure  that 
the  laminations  are  of  uniform  thickness  throughout,  and  in 
order  to  avoid  chilling  during  the  operation  of  gluing  it  is 
advisable  to  warm  the  laminations  in  a  chamber  at  a  tempera- 
ture of  about  100°  F.  for  ten  minutes.  The  gluing  should  be 
completed  within  eight  to  twelve  minutes,  including  a  waiting 
period  of  three  or  four  minutes  for  penetration  of  the  glue  before 
pressure  is  applied. 

The  block  must  then  be  retained  under  pressure  for  twenty- 
four  hours. 

Glued  joints  which  have  opened  must  not  be  filled  without 
the  approval  of  C.I.  or  his  representative. 

Pegging. — This  is  no  longer  necessary  in  the  blades  of  any 
propeller,  but  pegs  must  be  inserted  in  boss  packing  pieces  as 
required  by  the  drawing  or  otherwise  in  writing  by  C.T.D. 

Boring. — The  propeller  boss  is  best  bored  and  recessed 
before  shaping  is  commenced.  The  boring  bar  should  be  sup- 
ported at  both  ends  and  run  at  a  speed  of  from  3500  to  5000 
r.p.m. 

Examination  of  the  Bore. — The  bore  must  be  round, 
smooth,  at  right  angles  to  both  faces  of  the  boss,  and  recessed 
or  rounded  at  the  ends  as  required  by  the  drawing  or  the  engine 
hub.  The  approved  engine  hub  or  gauge  must  be  an  easy  push- 
fit  in  the  painted  bore,  which  for  this  purpose  should  not,  when 
in  the  white,  be  more  than  one  half  mm.  larger  in  diameter  than 
specified  on  the  drawing.  (See  the  limits  on  Fig.  2.) 

Shaping. — After  removal  from  the  gluing  table  each  pro- 
peller block  must  be  allowed  to  stand  for  forty-eight  hours 
before  rough  shaping  is  commenced. 

The  profile  of  the  propeller  in  plan  form  is  best  cut  to  a 
former  by  spindling  or  band-sawing.  The  position  of  the  lead- 
ing and  trailing  edges  may  then  be  marked  off  from  templates. 

Rough  shaping  may  be  facilitated  by  the  use  of  a  machine 
or  by  removing  the  surplus  timber  from  the  pitch  face  by  means 
of  a  band  saw. 

The  roughly  shaped  block  must  then  be  allowed  to  stand  for 
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four  days  before  it  is  finally  shaped,  unless  otherwise  permitted 
by  C.T.D.  or  C.I.  with  a  view  to  meeting  urgent  requirements. 

In  shaping  the  blades  to  the  finished  dimensions  templates 
must  be  used  at  each  section  shown  on  the  drawing  ;  one  half 
of  each  template  being  for  the  pitch  face  and  the  other  for  the 
back  of  the  blade.  (See  sketches,  Fig.  3.)  In  the  case  of 
standardised  propellers  being  produced  in  bulk  these  templates 
should  be  of  metal,  and  will  be  checked  against  master  templates 
held  by  C.I.  The  back  of  the  blade  must  accurately  fit  the 
templates  at  each  section. 

During  the  process  of  shaping,  the  propeller  should  be  care- 
fully examined  in  order  to  detect  any  faults  or  defects  which 
may  appear  as  the  surplus  timber  is  removed. 

Examination  of  Propellers  in  the  White. — After  comple- 
tion of  the  shaping  process  each  propeller  will  be  inspected  for 
general  conditions  and  dimensions. 

This  inspection  is  best  carried  out  on  a  slate  surface-table  of 
the  size  and  type  shown  in  the  sketches,  Fig.  4,  and  is  preferably 
provided  with  a  spigot  of  the  type  shown  in  Fig.  5. 

When  the  propeller  is  mounted  on  the  spigot,  which  must  be 
a  push-fit  in  the  bore,  the  blades  will  be  brought  over  the  table 
in  turn  and  checked  for  alignment,  track,  pitch  angles,  dimensions, 
and  shape  of  the  sections.  The  principal  limits  of  error  allow- 
able are  given  in  the  sketches,  Fig.  2. 

Alignment. — The  alignment  of  a  propeller  may  be  defined 
as  the  position  of  the  bore  relative  to  the  blades. 

The  following  method  of  checking  the  alignment  is  recom- 
mended :- — Slide  the  propeller  over  the  spigot  and  set  the  leading 
edge  of  one  blade,  say  at  section  E,  directly  over  the  centre  line 
on  the  table  by  means  of  a  square.  The  corresponding  point  on 
the  opposite  blade  should  at  the  same  time  also  be  over  the 
centre  line.  (See sketches,  Fig.  6B.)  Repeat  this  process  on  the 
trailing  edge  at  the  same  section  and  on  other  sections  as 
necessary. 

The  limits  of  error  allowable  in  alignment  are  such  that  the 
bore  axis  must  not  be  more  than  I  mm.  from  a  line  joining 
corresponding  points  on  opposite  blades. 

In  order  to  permit  of  the  alignment  being  corrected  when 
necessary,  contractors  are  advised  to  avail  themselves  of  the 
positive  limit  of  i  mm.  on  the  width  of  the  blades.  One  to 
two  mms.  may  then  be  removed  from  the  leading  edge  of.  one 
blade  and  an  equal  amount  from  the  trailing  edge  of  the  opposite 
blade  without  exceeding  the  negative  limit  on  the  blade  widths. 
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The  shape  of  any  sections  affected  must  afterwards  be  adjusted 
to  comply  with  the  drawing. 

Track. — For  propellers  of  9  feet  or  less  in  diameter,  corre- 
sponding points  on  opposite  blades  must  be  at  the  same,  or 
within  3  mms.  of  the  same  distance  from  the  plane  containing 
the  face  of  the  boss  next  to  the  engine.  Such  allowance  will  be 
increased  by  I  mm.  for  each  successive  increase  of  3  feet  in  the 
diameter  of  the  propeller.  A  square  such  as  shown  in  the 
sketches  (Fig.  6c)  may  be  found  useful  in  checking  the  track. 

Drilling  of  Bolt-holes. — A  jig  to  the  satisfaction  of  C.I. 
must  be  used  for  drilling  the  bolt-holes  in  all  propellers  unless 
otherwise  arranged  by  C.I.  This  jig  will  be  examined  in  con- 
junction with  the  propeller  boss  drawing  and  the  propeller. 

Double-flanged  jigs  are  recommended,  and  if  jigs  of  the 
single-flange  type  are  used  it  will  be  advisable  to  provide  them 
with  long  bushes  to  guide  a  drill  running  at  a  speed  of  from 
3500  to  5000  r.p.m. 

The  bolt-holes  produced  must  be  straight,  round,  smooth,  and 
perpendicular  to  both  faces  of  the  propeller  boss.  The  bolts  are 
to  be  a  light  push-fit  in  the  painted  holes,  the  diameter  of  which 
when  in  the  white  should  not  be  more  than  one  half  mm.  greater 
than  that  of  the  bolts.  Any  bolt-hole  may  be  drawn  to  the 
extent  of  one  half  mm.  in  the  direction  of  rotation,  but  not  at  all 
in  the  reverse  direction. 

For  purposes  of  gun-timing,  the  bolt-holes  must  be  drilled 
within  one  half  mm.  of  the  position  shown  on  the  propeller 
drawing. 

In  order  to  check  the  drilling  and  ensure  interchangeability 
an  approved  engine  hub  will  be  assembled  complete  with  bolts 
in  each  propeller  after  the  bore  and  bolt-holes  have  been  painted. 
If  an  engine  hub  be  unobtainable  the  contractor's  drilling  jig  may 
be  used  for  this  purpose  after  its  dimensions  have  been  checked 
and  approved  by  C.I.'s  representative. 

Balancing. — If  the  methods  previously  described  have  been 
followed,  little  or  no  difficulty  will  be  experienced  in  establishing 
static  balance  in  the  propeller  when  in  the  white.  The  use  of 
lead  plugs  for  this  purpose  is  forbidden,  and  the  removal  of 
timber  from  the  round  side  of  the  blade  is  prohibited.  Timber 
may,  however,  be  removed  when  required  from  the  pitch  face  of 
the  blade. 

Each  propeller  when  in  the  white  must  be  checked  for 
balance  on  apparatus  approved  by  C.I.  The  propeller  is  to  be 
rigidly  mounted  on  a  spindle  resting  on  friction  wheels  or 
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hardened  knife  edges.  (See  sketches,  Fig.  7.)  If  the  propeller 
be  properly  balanced  it  will  remain  at  rest  in  any  position  on  the 
apparatus.  The  sensitiveness  of  the  apparatus  used  for  checking 
the  balance  of  propellers  must  be  such  that  a  weight  of  one 
ounce  placed  in  a  bolt-hole  of  a  propeller  balanced  thereon  must 
cause  it  to  turn. 

Fabric  Covering. — All  propellers,  whether  for  tractor  or 
pusher  machines,  are  to  be  covered  with  linen  fabric  from  the 
tip  to  the  root  section  of  each  blade  or  to  within  1 5  per  cent,  of 
the  blade  radius  from  the  bore  axis. 

Before  any  propeller  is  fabric-covered  it  must  be  examined 
and  passed  by  C.I.'s  representative. 

Fabric  will  be  specially  allotted  for  covering  propellers.  The 
dressing  is  to  be  removed  by  immersing  the  fabric  in  boiling 
water,  which  must,  before  application  of  the  fabric,  be  thoroughly 
expressed  in  order  to  prevent  its  altering  the  consistency  of  the 
glue.  The  fabric  may  be  put  on  in  one  piece  or  in  two  pieces 
as  shown  in  the  sketches,  Fig.  8.  Snipping  or  cutting  the  folds 
of  the  overlapping  fabric  at  the  blade  tips  is  prohibited. 

The  glue  used  for  attaching  the  fabric  to  the  blades  is  to  be 
approved  by  C.I.  for  this  purpose,  and  must  be  prepared  and 
used  in  accordance  with  the  makers'  printed  instructions. 

The  following  method  of  applying  the  fabric  is  recom- 
mended : — The  surfaces  of  the  propeller  blades  are  toothed  or 
scraped,  but  not  sand-papered,  and  coated  with  glue,  which  is 
also  applied  to  one  side  of  the  fabric.  The  latter  is  then  laid  on 
the  pitch  face  of  the  blades,  starting  from  the  leading  edge  and 
following  its  contour.  It  is  then  smoothed  down  with  wooden 
rubbers  working  from  the  leading  edge,  while  pressing  the 
surplus  glue  through  the  fabric  and  towards  the  trailing  edge. 

After  the  blade  face  has  been  covered  the  propeller  is  turned 
over  and  the  fabric  gradually  worked  over  the  back  and  leading 
edge.  The  overlapping  edges  having  been  trimmed,  the  folds  at 
the  tip  are  carefully  pressed  down  on  the  pitch  face  and  smoothed 
with  a  warm  laundry  iron.  Finally,  the  ridge  formed  by  the 
edge  of  the  overlapping  fabric  is  reduced  by  rubbing  it  with  a 
smoothing  tool. 

A  good  way  of  avoiding  ridges  at  the  edges  of  fabric  is  to 
take  out  the  threads  near  the  edges  and  work  the  frayed  ends 
into  the  general  surface. 

Finishing  Schemes. — The  fabric-covered  and  non-fabric- 
covered  parts  are  to  be  finished  in  accordance  with  a  finishing 
scheme  which  has  been  approved  by  C.I.,  and  involves  the  use 
of  approved  materials. 
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Details  of  such  processes  depend  upon  the  particular  scheme 
adopted.  The  uncovered  portion  of  the  propeller  is  usually 
coated  with  transparent  wood  filler,  while  the  fabric,  when  dry, 
is  given  two  or  three  coats  of  undercoating  grey  paint ;  the 
surfaces  being  rubbed  down  between  successive  coats. 

The  non-fabric-covered  parts  on  the  sides  of  the  boss  are  to 
be  varnished  only,  not  painted  or  enamelled. 

The  entire  propeller  is  then  rubbed  down  again  with 
powdered  pumice  and  water  and  washed.  It  is  coated  with 
undercoating  varnish,  dried,  rubbed  down  again,  and  coated  with 
finishing  varnish,  then  slightly  '  flatted '  to  remove  the  high 
polish  which  is  not  now  required. 

Upon  completion  of  this  process  the  blades  should  have  a 
hard,  smooth,  durable,  elastic  surface. 

The  bore  and  bolt-holes  must  be  coated  inside  with  gold-size 
and  an  approved  grey  waterproof  paint. 

Brass  Tipping  and  Beading. — Before  a  propeller  is  metal 
tipped  or  beaded  it  must  have  been  fabric-covered  in  the  manner 
already  described,  and  the  fabric  coated  with  paint  or  enamel  as 
in  the  case  of  propellers  which  are  not  to  be  metal  tipped  ;  the 
final  coats  of  varnish  being  of  course  omitted  until  the  tipping 
has  been  put  on. 

There  are  six  sizes  of  metal  tips,  any  one  of  which  may  be 
specified  in  the  contract  and  schedule,  and  referred  to  as 
Standard  Metal  Tip  No.  I  (see  Fig.  9) ;  S.M.T.  No.  2  (see 
Fig.  10) ;  S.M.T.  No.  3  (see  Fig.  1 1);  S.M.T.  No.  4 (see  Fig.  12) ; 
S.M.T.  No.  5  or  S.M.T.  No.  6  (see  Fig.  ISA  and  Fig.  136). 

In  all  cases  the  tips  are  to  be  made  of  24  S.W.G.  annealed 
brass  sheet,  complying  with  Specification  2.B.  12. 

The  bedding  of  the  sheet  metal  on  to  the  propeller  blades 
will  be  greatly  facilitated  if  all  bumps  and  irregularities  are 
first  removed,  and  if  the  plates  are  cleaned  with  glass-paper  or 
emery  cloth. 

Both  halves  of  the  tip  may  be  shaped  on  a  former,  but  must 
be  fitted  and  sweated  together  when  on  the  propeller  blade. 
The  complete  tip  must  not  be  shod  on.  The  sweated  joint  is  to 
be  made  on  the  round  side  of  the  blade  unless  instructions  or 
permission  to  do  the  contrary  are  given,  the  solid  brass  sheet 
being  drawn  over  the  blade  edges  or  tips  in  order  to  obtain  a 
satisfactory  fit.  Snipping  of  the  edges  at  the  tips  is  forbidden. 

The  two  parts  of  the  tip  must  have  an  overlapping  surface 
II  mms.  wide,  the  overlapping  parts  to  be  tinned  previous  to 
putting  on  ;  if  preferred,  the  surface  which  is  to  be  drawn  need 
only  be  cleaned  and  the  other  tinned. 
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The  brass  sheet  is  to  be  attached  to  the  blades  by  No.  2, 
No.  3,  or  No.  4  Brass  Woodscrews,  having  an  average  length  of 
three-eighths  of  an  inch,  but  preferably  less  on  the  thinner  parts 
of  the  blade.  The  screws  on  opposite  faces  of  the  blades  must 
be  staggered  relatively  to  one  another,  and  be  pitched  as  shown 
in  the  sketches,  Figs.  11  and  12. 

The  screw-holes  in  the  brass  must  not  be  countersunk  as 
shown  in  Sketch  A,  Figs.  11  and  12,  but  are  to  be  spun  or 
punched  so  as  to  form  a  seating  for  the  screw  head  as  shown  in 
Sketch  B. 

During  punching  or  spinning  of  the  screw-holes,  buckling 
and  bulging  of  the  surrounding  metal  may  be  avoided  by  use  of 
a  perforated  plate  held  in  position  by  a  clamp  at  each  end  ;  such 
plate  being  about  three-eighths  of  an  inch  thick  when  used  for 
spanning  three  successive  holes  in  two  adjacent  rows. 

The  finished  holes  must  just  be  large  enough  to  permit 
insertion  of  the  screws,  the  heads  of  which,  and  particularly  the 
saw  cuts,  should  be  cleaned  before  they  are  inserted.  They  are 
afterwards  to  be  soldered  in  position. 

The  metal  sheet  must  have  been  so  worked  in  these  opera- 
tions that  no  filing  of  its  surface  beyond  the  mere  trimming  of 
the  edges  is  necessary.  The  use  of  coarse  files,  which  have  in 
the  past  reduced  the  sheet  to  a  dangerous  thinness,  permitting 
of  its  being  readily  fractured,  is  absolutely  forbidden. 

Three  drain  holes,  each  having  a  diameter  of  3  to  4  mms., 
are  to  be  made  in  the  sheathing  at  the  tip  of  each  blade  in  the 
positions  indicated  by  sketches,  Figs,  n  and  12.  Such  holes 
must  not  appear  on  the  leading  edge  side  of  the  extreme  tip,  and 
are  to  be  made  with  a  one-eighth  inch  rat-tail  file.  After  the 
propeller  is  completed  and  finished  all  paint,  varnish,  or  enamel 
is  to  be  carefully  removed  from  such  holes. 

All  metal  tips  and  sheathing  are  to  be  covered  with  two  or 
more  coats  of  grey  paint  or  enamel,  after  which  they  should  be 
lightly  '  flatted.'  Highly  polished  surfaces  are  not  required. 

Identification  Marks. — Each  and  every  propeller  must  bear 
the  following  information  and  marks  : — 

(1)  Drawing  number  of  the  propeller ; 

(2)  Diameter  and  pitch  ; 

(3)  Full  type  name  of  engine  ; 

(4)  Identification  numbers  supplied  by  C.I. ; 

(5)  Five  A.I.D.  approved  stamps  ; 

and  any  other  marking  required  by  the  drawing. 

The  pitch  of  the  propeller  to  be  thus  indicated  is  defined  as 
.2.i.D.tanA  where  D  is  the  diameter  of  the  propeller  and  A  is 
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the  pitch  angle  at  a  point  two-thirds  of  the  propeller  radius  from 
the  bore  axis. 

Balance  of  Finished  Propellers. — All  finished  propellers 
must  be  in  static  balance  in  any  position  when  placed  on  balance- 
checking  apparatus  of  the  type  already  described. 

Storage. — Propellers  must  be  stored  by  mounting  on  a 
horizontal  spindle  passing  through  the  bore,  and  on  no  account 
be  allowed  to  stand  against  a  wall  or  in  such  a  manner  that  the 
weight  is  taken  by  any  of  the  blades. 

Cancellation  of  Previous  Issues. — This  issue  of  the  Hand- 
book cancels  that  dated  ist  August,  1917. 
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A   CTUATOR,  5. 
2\     Accuracy  in  manufacture  174. 
Advisory  committee  on  aeronautics,  42. 
Aerofoils,  19. 

Aerofoil  characteristics,  21. 
Airflow  through  airscrew,  5,  132. 
Airscrew  types,  128. 
Airship  propellers,  180. 
Alignment,  206. 
Aspect  ratio — 

Aerofoil,  27. 

Airscrew  blade,  28. 
Atmospheric  conditions,  effect  of,  204. 
Ash,  210,  272. 

BACK  PATTERN,  222,  228. 
Balance,  203,  234,  241,  289. 
Bending  moments,  101. 

stresses,  100. 

Blade  element  theory,  8. 

form,  68-85. 

-  angles,  35,  73. 

width,  27,  68. 

Boss,  206,  241,  248. 
Bore,  centre,  220,  287. 

/""AMBER— 

V Effect  on  aerofoil  characteristics,  22 

Under  surface,  21,  73,  177. 
Casein  cement,  215,  265. 
Centre  of  pressure,  31,  120. 

-  line,  1 1 8,  166,  207. 
Central  line,   124. 
Centrifugal  stresses,  no 
Characteristic  curves,  44. 
Characteristics.     Strength,  115. 
Coefficients — 

Torque  horse  power,  47. 

Thrust  horse  power,  47. 

Thrust,  47. 

Lilt  and  drift,  22. 
Comparison    of   two-bladed    and    four- 

bladed  airscrews,  173. 
Critical  speeds,  131. 


TAEFINITIONS,  4,  206. 

i_^7     Deformation  of  blade,  123. 
Design  particulars,  152. 
Diameter,  approximate  formula  for,  156 
Drawing,  160. 
Direction  of  rotation,  153. 
Drilling  bolt  holes,  289. 
Drzewiecki,  9. 
Durand,  51. 

EFFECTIVE  PITCH,  4. 
Effect  of  surrounding  objects  — 

In  slip  stream,  134. 

In  entering  stream,  137. 
Efficiency  — 

Blade  element,  14,  16,  191. 

Aerofoil,  29. 

Windmill,  192. 

Overhaul,  of  airscrew  and  engine,  98. 
Efficiency  curves,  44,  76. 
Eiffel,  22. 
Engine  coupling,  162,  248. 

-  power  curves,  96,  153. 

-  power  at  altitude,  153. 
Experimental  mean  pitch,  4. 
—  —  research,  50. 
Experiments  on  aerofoils,  22. 

FAN  brakes,  184. 
Face  pitch,  39,  74,  206. 
Failure,  causes  of,  246. 
Fabric  covering,  237,  290. 
Finishing  processes,  237. 
Flexible  propellers,  247. 
Flow,  radial,  85. 
Flying  boat  propellers,  137. 
Full  scale  tests,  52,  250. 
Froude,  6. 


ARUDA  type  blade,  121. 

Gearing,  86,  152,  200. 
Glues,  215,  268. 
Gluing-up,  215. 
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TTANDBOOK  of  construction,  207, 

IT    283. 

Heights,  performance  at,  155,  250. 
Helix  angle,  29. 
Helicopters,  182. 
Henderson,  7. 

T  DENTIFICATION  marks,  242,  292. 
\_     Inflow  velocity,  15. 
Integration  of  results,  18,  35. 
Interference,  28,  134. 
Inspection,  211,  233. 

LAMINATIONS,  285. 
Preparing,  211. 
Joints  in,  252. 
Four  bladed,  218. 
Balancing,  213. 
Straightness  of,  127. 
Lanchester,  9. 
Limits,  233. 
Linear  grading  curves,  69. 

MAHOGANY,  209,  278,  281. 
Materials,  209,  284. 
Maximum  blade  width,  87.    • 
Metal  construction,  253. 
Metal  tipping,  238,  291. 
Effect  on  running,  248. 
Modifications  to  design,  175. 
Multi-engined  machines,  139. 

NOTATION,  9. 
Nomenclature,  283. 
National  Physical  Laboratory,  22. 
Number  of  blades,  88. 
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VER-REVVING,  178. 


PITCH— 
Mean  face,  39,  74,  207. 
Experimental  mean,  4. 
Effective,  4. 
Diameter  ratio,  45. 

Effect  on  characteristics,  75. 
Performance  tests,  249,  259 
Plan  form,  125. 
Plyboard  construction,  252. 
Practical  design,  65,  153. 
Propeller  flutter,  220. 
Pusher  propellers,  135. 

RIACH,  8. 
Radial  flow,  85. 
Reversing  propellers,  182. 
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CALE  effect,  27. 

blade  width,  69. 

Seaplane  propellers,  239. 
Section  characteristics,  115 

templates,  229. 

Shaping,  220,  228,  287. 
machines,  223. 


Side  winds,  149. 

elevation,  125. 


Slip  stream,  4. 

Interference  in,  134. 

Effect  in  tandem  combination,  147. 
Slip  ratio,  50. 
Spindling,  222. 
Stresses,  29,  100. 

Bending,  100.    . 

Centrifugal,  no. 

Shear,  117. 

Combined,  112,  122. 

Maximum  safe,  115. 
Structural  features,  204,  244. 
Sweep,  125. 
Static  thrust,  66,  117,259. 

""pANDEM  propellers,  141. 
J_       Tests — 

Static  spinning,  243,  283. 

Wind  tunnel,  50. 

Whirling  arm,  51. 

Performance,  249,  259. 

on  materials,  210,  267,  270,  274. 
Tilt,  125. 
Tip- 

Developed  shape,  163. 

Speed,  86. 

Limiting  speed,  87. 
Thrust  force,  II. 

—  grading  curves,  83. 
Torque  horse  power,  35 

—  force,  1 1 . 
Torsional  stresses,  120. 
Tractor  propellers,  133. 
Trailing  edge — 

Splitting  of,  123. 

Drop  of,  1 60,  228. 
Track,  206. 
Twist  of  blades,  123. 

VIBRATION,  123,  245. 
Vibration  speeds,  131. 
Variable  pitch,  197,  255. 
diameter,  200,  255. 

WALNUT,  209,  276. 
Whip  of  blades,  123. 
Windmills,  189. 
Woods  for  propeller  construction,  208, 

209,  210,  272. 
Working  limits,  174,  233. 
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